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General abstract  
The ecological effects of increasing potting density in the Lyme Bay Marine Protected Area 
Adam G Rees 
In light of past and present ecosystem and fisheries management failures leading to the 
continued decline of global fish stocks and ongoing degradation of many marine habitats, 
ecosystem-based approaches to management have been favoured. Marine Protected Areas (MPAs) 
have been championed as tools that allow the holistic management of marine resources. Faced 
with national and international marine conservation targets, the UK has adopted and 
implemented MPAs based on guidelines from various legislature. Many of these MPAs are multi-
use meaning the MPA restricts some anthropogenic activities, typically certain types of 
commercial fishing, while permitting other activities to continue on account of their 
compatibility with conservation and fisheries management. The Lyme Bay MPA, introduced in 
2008 to protect sensitive benthic reef habitats, is one such multi-use MPA that has restricted 
bottom towed fishing, while authorising alternative commercial fisheries to continue within the 
MPA. Commercial potting inside the Lyme Bay MPA has increased in response to the removal of 
bottom towed fishing, and is now the dominant Lyme Bay fishery. The ecological effects of 
current, and increasing, levels of commercial potting effort were unknown and thus increases in 
potting were cause for concern, particularly when allowed to continue unregulated within the 
MPA. This thesis therefore developed a three year experimental potting study that manipulated 
potting densities in order to gather evidence on the ecological impacts of increasing potting 
density on both the ecosystem and fisheries, in order to address existing knowledge gaps. This 
thesis contains original contributions to knowledge in each of its chapters. Ecological research 
into the ecosystem impacts (Chapter Two, Three) of commercial potting was carried out using 
underwater video methods showing that, contrary to previous understanding, commercial 
potting reduced the number of two key sensitive sessile reef species in Lyme Bay when potting 
density was high. Research into the fishery impacts (Chapter Four) of increasing potting density 
showed that under medium to high potting densities, selective fishing pressures alter the 
population densities and overall condition of key species (brown crab (Cancer pagurus L.) in 
particular) targeted by commercial potting. The knock-on ecological impacts of these impacts 
are theorised (Chapter Six) and using this new evidence MPA regulators should now decide what 
level of commercial potting is compatible in Lyme Bay, and other MPAs, on account of individual 
 ix
MPA ecosystem and fisheries objectives. Overall the thesis has provided evidence on the 
potential ecological impacts of increasing commercial potting, as well as providing robust 
evidence for the ecological sustainability of low levels of commercial potting. It has highlighted 
that when applying an ecosystem-based approach to ecosystem and fisheries management, it is 
necessary to consider commercial potting, along side other fisheries, when managing multi-use 
MPAs.  
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Chapter One: 
Introduction  
 1
 2
This chapter looks at the current status of global commercial fisheries and marine 
environments, and assesses the development and efficacy of different approaches to 
management for both fisheries and conservation. A review of where some previous management 
measures have failed, and how a focus on ecosystem-based management is now favoured, is 
discussed in both global and UK contexts. Marine Protected Areas (MPAs), components of an 
ecosystem-based approach, considered as key tools in providing ecosystem and fisheries 
benefits, are debated and discussed in detail. Many MPAs are multi-use, meaning certain 
anthropogenic activities can continue within the MPA, while others are restricted or excluded. 
Many UK commercial fisheries are managed in this way, and their compatibility with MPA 
objectives are currently being assessed. Commercial ‘potting’ is a method of fishing that is 
increasing within some multi-use MPAs. The ecological impacts of commercial ‘potting' are not 
well understood, and so an experimental potting study has been developed to assess the impacts 
of this increasing fishery. This study will assess both the ecosystem and fishery impacts of 
commercial potting, results from which will provide evidence on the impacts of potting, and 
help determine the compatibility of this commercial fishery within multi-use MPAs. 
1.1 Introduction  
1.1.1 State of the world’s oceans 
For many centuries the global marine environment, and the services it provides, has been 
subjected to intense anthropogenic exploitation (Agardy 1994; Worm et al. 2006; 2009; Costello 
et al. 2008; Howarth et al. 2014). With the oceans primarily viewed as a source of resources 
beneficial to society, a ‘reap without sow’ culture has led to the overexploitation of many 
marine species and habitats mainly through commercial fishing (Pauly et al. 1998; Lotze et al 
2006). As a result, many global marine fisheries and ecosystems have been heavily exploited and 
degraded leaving the current state of both in need of significant recovery through the use of 
new management approaches (Pikitch et al. 2004). 
                                                                                 3
1.1.2 State of the world’s oceans: Fisheries 
The global consumption of fish has doubled over the past 40 years and a rise in human 
population density has put pressure on the oceans resources to contribute to global food 
security (Delgado et al. 2003). Around 85% of all harvested fish and shellfish is used for human 
consumption with the remainder being used in fish meals, fish oil production, animal feeds and 
bait (SOFIA 2014). In many developing nations fish and shellfish is relied upon as the main source 
of protein in diets (FAO 2016). Overfishing is therefore not just a problem in terms of sustaining 
life in the oceans but also sustaining life on land, as many coastal communities rely on fish and 
fisheries both economically and socially (FAO 2016). Industrial fishing effort has been increasing 
exponentially since around the 1950s (Pauly 2005) and after a peak in catches in the 1980’s, 
catches have been declining steadily since the 1990’s while industrial fishing effort has not 
shown the same pattern suggesting declines are associated with exploitation rather than 
management (Pauly and Zeller 2016). 
Legally, living marine resources are usually considered as common property meaning that no one 
party can claim ownership or rights to them. Such resources are classed as ‘open access’ 
meaning they are freely open to any user, typically leaving them exposed to exploitation and 
degradation (Berkes 1985). Arguably the most globally important open access marine resources 
are fisheries, the exploitation of which, past both economic and biological limits, have been 
well documented (Pauly et al. 2005). From an economic point of view, wild fish are regarded as 
a common goods that are non-excludable by nature as they can rightfully be caught by anyone. 
They are also a rivalrous commodity by which the same item cannot be caught more than once 
(Berkes 1985). When a fishery is wholly unrestricted, the withdrawal of this commodity depletes 
the overall resource for all other fishermen. Fishing has largely favoured short term gains over 
consideration of long term consequences; a commercial ‘tragedy of the commons’ (Hardin 
1968). Exploitation is identified as the main threat to global fish stocks even in the face of 
widespread habitat degradation and loss or climate change impacts (WWF 2015). 
Following a period of intense industrialisation throughout the 20th century, and a rise in human 
population density, pressure has increasingly been put on the oceans resources to contribute to 
global food security (Delgado et al. 2003). As coastal stocks become increasingly exhausted 
fisheries have had to be identified further afield, with fishers often venturing into deeper 
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waters. Technological advances helped improve the efficiency of commercial fishing by 
increasing Catch Per Unit Effort (CPUE) through the use of more selective gears coupled with 
engineering and mechanical improvements  (Pauly et al. 1998). Higher numbers of vessels at 
sea, larger carrying capacities, longer voyage durations, new durable synthetic materials and 
refined post processing techniques have all enabled commercial fishing to keep up with demand 
and access fisheries that were previously inaccessible (Pauly et al. 1998; Watson et al. 2011). 
Despite fishing effort among many of fisheries being at an all time high, available marketable 
biomass is grossly reducing (Pauly et al. 2005). The FAO reported that for 2014, total marine and 
inland capture (excluding aquaculture) peaked at 86.9 million tonnes, marking a new maximum 
level (FAO 2016). This level of activity is not sustainable and stocks of many marine species are 
at historically low levels as a result of overfishing (Pauly et al. 1998; FAO 2011a,b). This is the 
case for both small-scale and industrial-scale fisheries, as neither are free from overfishing and 
destructive fishing practices. 90% of the world’s assessed fish stocks are currently considered to 
be over exploited or fully exploited (FAO 2016). 
Overfishing has direct impacts on both commercially targeted and non-targeted populations 
(Jackson et al. 2001). Overexploitation of a fishery can lead to, and has led to, population 
declines and crashes (Clark 1976). Catches from one of the largest cod fisheries in Georges 
Bank, Maine, reduced from annual averages of around 60 000 tonnes during the 1960s to just 
5000 tonnes in the 2000s, and the stock was overwhelmingly regarded to have crashed 
(Cochrane 2000). It is almost universally agreed upon that overexploitation of this species led to 
this crash, as fishing mortality had exceeded expected levels (Parsons and Beckett 1997). 
Problems in the estimations of cod productivity and its relationship to commercial Catch Per 
Unit Effort (CPUE), which underpins most fishery stock assessments, were detrimental. 
Following an evident partial collapse in the 1970s a moratorium on cod fishing in this region was 
brought in in 1992, however this proved to be too late as the stock crashed completely shortly 
after (Cochrane 2000). Today, the stock levels have shown signs of recovery but remain at levels 
well below those seen pre-collapse (Cochrane 2000). It is widely accepted that the impacts of 
overfishing outweigh other large-scale impacts, such as climate change (WWF 2015).  
A ‘collapse’ is defined by some as ‘a sustained period of very low catch values occurring after a 
period of high catch values’ (Cooke 1984). The inevitable reduction in catch following a 
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population decline or crash leads to fishers increasing their effort and altering their target 
species, in order to compensate for shortfalls, an example of which can be seen in the case of 
the Firth of Clyde. The Firth of Clyde is a large inlet on the Scottish west coast that has a rich 
history in human exploitation. In the 19th century large fisheries for cod, haddock, herring, 
turbot, mackerel and other species were prevalent, however over time these have been 
removed though intensive and invasive fishing. As far back as the 1880s fisheries scientists here 
noticed that Firth of Clyde fisheries were being depleted, so much so that in 1889 bottom towed 
trawling was banned within its waters. Similar declines were identified in many areas of 
Scotland’s coast which also led to a closure to trawling countrywide within 3 nautical miles of 
the low tide mark of the coast (Thurstan and Roberts 2010). The Clyde was then exposed to the 
same advancements in technology which allowed many other fisheries to expand pre and post 
war. Around the 1950s its seine net fishery for herring was the most valuable however this soon 
declined as the majority of the catch started to populated by juveniles. After the inevitable 
decline the fishery struggled which mounted pressure onto the closed trawling areas to reopen. 
As the dominant fisheries were removed, diversification to other fisheries occurred; most 
notably the Nephrops fishery. Towed demersal trawling is the main method of fishing for this 
species and as the marketability of this product increased, so did communities’ economic 
reliance. Soon after, the trawling ban in place in the Clyde was lifted outside the 3 mile limit, 
and by the end of the 1960s most fishermen had switching to full time demersal trawling 
(Thurstan and Roberts 2010). As is the nature of trawling, all other fish species were also caught 
which enhanced landings of most other species for a short period. As fishing yields reduced, 90% 
of biomass became concentrated within one species, whiting, whereas before much of the 
biomass was distributed among many species (Heath and Spiers 2012) Over the next 20 years 
this fishery became heavily exploited until yields were struggling to be maintained and in 1984 
the rest of the protected 3 mile limit was opened to all fishing. Despite sustained levels of 
fishing effort in the fishery, landings of most groundfish could not be maintained and the 
majority of these stocks were considered to have crashed completely by the 1990s. Despite 
recent management plans, technical measures of the CFP and its Total Allowable Catch (TAC) 
limits being brought in, cod spawning biomass has reached all time historical lows and shown 
decreases of 99% since 1984; as has haddock, hake and many other species. To date, fin fish 
make up around 2% of total landings in the Firth of Clyde, with  Nephrops  contributing  around 
                                                                                 6
80-90%. The  remaining  percentage  is  made  up  of other invertebrates such as scallops, crabs 
and lobsters. The fishery is now considered to be exploited at sustainable levels and bottom 
towed trawling is managed through the introduction of technical measures such as specified 
mesh sizes. However, trawling for these species, and others such as scallops, still results in a 
level of habitat degradation. The reduction in the Firth’s habitat complexity means that its 
environment now only supports low level of macrofaunal diversity and its trophic structure is 
greatly reduced (Thurstan and Roberts 2010). 
Global fisheries that display a declining trends require a ‘substantial reduction’ in fishing effort 
needs to occur in order to try and halt the decline and promote recovery according to Hutchings 
2000 and Pauly et al. 2002. In contrast to the example discussed above, Hilborn and Ovando 
highlight that overexploitation is not always the outcome for areas that are extensively fished. 
In their global review of assessed and non assessed fish stocks they find that universal declining 
fish stocks is certainly not the case. They argue marine ecosystems and stocks range from stable 
to overfished and in areas where improved management is implemented, rebuilding and that by 
looking at fisheries by region the patterns of overexploitation are often different to the 
narrative of widespread exploitation. It is critical to assess fishery status among diverse groups, 
fishery sizes, management types, and regions, in order to begin to understand what factors 
contribute to the status of fisheries and to identify successful strategies. Indeed contrary to the 
notion that fisheries management has failed, Hilborn and Ovando agree that areas that are well 
managed both fishing pressure has reduced and stocks have rebuilt (Neubauer et al., 2013). 
They acknowledge larger stocks typically receive more management attention and many are 
well managed, while those that have been scientifically assessed are also likely to be in better 
overall shape. An example of this can be seen in the case of the Californian current ecosystem, 
an ecosystem that was exploited by fisheries and a system of protected areas were establish to 
protect these fisheries. Using Worm’s and Pauly’s metric for stock collapse most of the stocks in 
this system are considered to have collapsed, however this was largely driven by a decline in 
large mammals which have since returned to the system. Sardines, one of the flagship species 
for this area, are said to have collapsed however Hilborn et al. looked closer at the details of 
this over exploitation to find that this species has actually recovered. Further, all seven of the 
stocks actually listed as overfished in this system are extremely small and contribute around 
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1.5% to the total unexplored biomass, so while they are certainly overfished their loss of yield is 
negligible. It is this level of detail that should be considered on a region and stock by stock 
basis, rather than drawing wide conclusions on the global status of fisheries, that is argued by a 
number of scientists (Hilborn 2007; Worm 2010; Neubauer et al., 2013). However in light of 
these contrasting opinions and findings, to sustain the benefits biodiversity provides to 
commercial fisheries coupled with the importance of conserving sensitive habitats at risk from 
fishing, management measures are considered necessary to reduce the impact of fishing 
(Hilborn and Ovando 2014). 
1.1.3 State of the worlds oceans: Ecosystems 
In the assessment and management of fisheries and fisheries models, ecological processes are 
often ignored or not afforded enough importance (Link 2002). As a result, many marine habitats 
have endured widespread degradation and continue to be degraded by commercial fishing 
pressures. Degradation is particularly prevalent in biogenic habitats that occupy coastal marine 
ecosystems (Kritzer et al. 2016). However, research has highlighted that many fisheries rely on 
fundamental ecosystem processes associated with healthy habitat, such as primary production 
and the multi-level trophodynamics between species that are essential for ecosystem 
functioning, helping to provide beneficial ecosystem services that ultimately lead to the 
provision of economic income and a food resource (Bradshaw et al. 2003; Balmford et al. 2008; 
Fletcher et al. 2012). Additionally, ecological processes have been shown to aid the recovery 
exploited stocks, increase production and influence biological reference points (Link 2002). 
Although our understanding of the benefits healthy ecosystems can provide to fisheries has 
increased, rarely is the ecosystem considered in fisheries management. Protecting ecosystems 
and ecosystem processes within coastal zones can be complicated and divisive in areas where 
multiple interests exist (Kritzer et al. 2016). Ecosystem responses to management of fishing 
pressures and associated impacts on stock productivity are rarely quantified and assessed, and 
the setting of habitat targets to increase fisheries yields are not achieved (Kritzer et al. 2016). 
Many commercial fishing practices are disturbing and damaging in their method, and can have 
negative impacts on these basic processes through habitat damage, loss and by causing changes 
to the underlying fundamental biological, chemical, geological and oceanographic features of 
marine ecosystems (Hall-Spencer and Moore 2000). In marine ecosystems these practices often 
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impact the benthic reef habitats the hardest. 
Benthic marine reef habitats can include soft sediments (e.g. mussel beds formed on soft 
sediment), maerl beds and hard substrata habitats  such as cobble, boulders and bedrock, which 
all play an important role in promoting,  maintaining and increasing biodiversity (Collie et al. 
1997). Sessile structures can dominate these hard substrata habitats and increase local habitat 
complexity. This can influence community structure by providing habitats for a range of flora 
and fauna, important for both biodiversity and fisheries (Bradshaw et al. 2003). Enhanced 
biodiversity associated with structurally complex habitats in contrast to surrounding areas 
considered to be of lower complexity can be seen throughout many temperate and tropical 
examples (Bradshaw et al. 2003; Johnson et al. 2003; Kelaher 2003). Defining complexity can 
often be difficult as complexity varies in scale and can influence species and communities on 
Different spatial and temporal scales (Elliott et al. 2016). In this thesis complexity is considered 
a spatial scale significant enough to influence local community macro-mobile assemblages 
particularly during early life history stages. Examples of this can include seagrass beds which 
support rich epifauna and infauna and also provide nursery habitats for juvenile fish (Heck et al. 
1995), reef building polychaete worms and tube based amphipods host diverse fauna (Kaiser et 
al. 1999; Moore and Cameron 1999), mussel (Modiolus modiolus) and oyster (Crassostrea spp.) 
species act as ecosystem engineers as beds increase habitat availability to settling organisms 
(Magorrian and Service 1998; Markert et al. 2010), both shallow and deep sea sponge 
assemblages provide surface area for attachment for settling larvae and egg-laying species 
(Klitgaard 1995; Beaulieu 2001) and reefs can help provide habitat and protection from 
predation (Bradshaw et al. 2003). These habitats are essential for small faunal species however 
the knock-on benefits in enhancing diversity at higher trophic levels has also been observed 
(Halpern 2003). As a result, abundances of juvenile fish are often higher in structurally complex 
habitats which can future populations within the ecosystem (Auster et al. 1997; Jonsson et al. 
2001). Sessile epibiota can additionally act as food resources, stabilise sediments, alter water 
currents and provide elevation into the water column; all of which are considered beneficial to 
associated organisms (Bradshaw et al. 2003). Studies have shown this dynamism among food 
web trophic structure in relation to habitat complexity in many freshwater (Downes et al. 1998; 
Vehanen et al. 2000) and marine (Gili and Hughes 1995; Auster et al. 1997; Lindholm et al. 1999, 
2000)  environments. 
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Enhanced biodiversity can be important in the development and maintenance of local fisheries 
(Kritzer et al. 2016). Biogenic benthic habitats in particular have been shown to be important 
for fish and shellfish commercial fisheries (Bradshaw et al. 2003). Biogenic reefs are defined as 
solid, massive structures generated through accumulations of reef building organisms, which 
form a habitat that is at least very different to the habitat of immediate surroundings 
characterised by structure building organisms (Brown et al. 1997) Many biogenic reefs that 
consist of large anthozoan and bryozoan species reefs are often characterised by species that 
are often long lived, slow growing and resource dependant, with increased vulnerability to 
environmental change and physical disturbance (Jennings and Kaiser 1998; Hall 1999; Turner et 
al. 1999). Many biogenic habitats are consequently threatened by damaging commercial fishing 
activities that target and exploit their productivity and high biodiversity (Table 1.1). 
Table 1.1. Adopted from Kritzer et al. 2016, giving estimates of biogenic habitat status from 
a of different spatial scales, based on meta analyses 
As many global marine habitats remain in poor condition and continue to be degraded through 
anthropogenic exploitation, it is increasingly important that these habitats and ecosystems are 
well managed in order to protect, recover and enhance the ecological status of our seas. The 
Habitat Status Scale Source
Coral reefs More than 50% of sites corals 
depleted, rare, extinct  
Western Atlantic, 
Red Sea and 
Australia
Pandolfi et al. 2003
Seagrass beds 29% loss Global Waycott et al. 2009
Mangroves 35% loss Global Valiela et al. 2001
Salt marshes More than 50% loss United States Kennish 2001
Oyster reefs 85% loss Global Beck et al. 2011
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consequences of ignoring these issues are beginning to be realised, and suitable management 
initiatives and tools to combat this are lacking. Like fisheries management, an ecosystem-based 
approach to management is being favoured (Link 2002). 
1.1.4 Achieving sustainability? What constitutes success? 
Defining a fishery as ‘sustainable’ is a subjective process, and opinions can differ on what 
sustainability and success looks depending on the goals and objectives of both fisheries and 
conservation management.  Objectives can typically be grouped in broad categories that include 
biological, economic, social, and political objectives. Biological objectives are commonly found 
in legislation and international agreements, and are congruent to the traditional use of Maximum 
Sustainable Yield (MSY) that produces as much harvest as possible in the long term.  
Maximum Sustainable Yield (MSY) is such an approach that aims to avoid overexploitation of 
fisheries and as a concept developed around the belief that there is equilibrium between the 
overexploitation of a population and its natural greatest yield. More simply put, MSY is 
essentially the ‘highest possible annual catch that can be sustained over time, by keeping the 
stock at the level producing maximum growth’ (Findlay 2011). First developed as a theory post 
war, defined in 1949 by Chapman, but only incorporated into EU fisheries management in 1982 
(UNCLOS 1982), the MSY concept was billed as a rebuttal to recruitment and growth overfishing 
(Findlay 2011). MSY was considered a benchmark for fisheries management and from a 
biological point of view it was considered the default option for recovering populations (Hilborn 
and Walters 1992). In order to recover fish stocks and stop overfishing fishing related, mortality 
should not exceed levels that of MSY should be achieved (Hilborn and Walters 1992; Hanna 
2000). 
In 2002, at the World Summit on Sustainable Development, the EU committed to MSY fisheries 
management, after which the International Council for the Exploration of the Sea (ICES) began a 
transition to MSY (FAO 2002; Council Regulation (EU) 2015/812). In the EU, a number of long 
term management plans are based on MSY approaches. Since the targets being set, MSY has 
been determined for 11 stocks, including Sole in Skagerrak, Baltic sea and western channel 
among other areas. Megrims in Spain and Portugal and Nephrops in the North Sea. These are all 
considered to be fished sustainably with others on their way to MSY 2015 (Council Regulation 
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1380/2013). This also led to a reform in how European fish stocks are managed in 2002, though 
the Common Fisheries Policy (CFP), and indeed since then effort controls have strengthened and 
in 2011 the majority of stocks that had reference points defined, that were subsequently 
assessed, were shown to be fished sustainably (Fernandes and Cook 2013). However, the latest 
assessments of these fisheries stocks suggest the majority will not meet MSY targets (Froese and 
Proelß 2010). This is argued to be down to its inability to be realistically achieved (Froese and 
Proelß 2010). 
It is such MSY shortfalls that have afforded this approach to fisheries management much 
criticism. It is argued that Biological reference points are often unreliable and typically 
unachievable (Smith et al. 1993). 
Contrary to defining successful management on the basis of biological objectives alone, economic 
objectives consider economic efficiency as a primary desired outcome of fisheries management. 
In addition, social objectives typically increase employment and income for participants in the 
fishery, the production of food and maintenance of traditional communities. By their nature in 
order to maximise these objectives, approaches are often not compatible with each other. For 
example the maximisation of jobs calls for the highest sustainable fishing effort, whereas 
maximisation of ecosystem benefits equates to 0% fishing mortality (Hilborn 2007). While it is 
accepted that management is required to better manage our fisheries, the outcomes of the 
above approaches differ. Biological objectives focus on marine protected areas as a central part 
of the solution, while social and economic objectives  focus on reducing the competitive ‘race to 
fish’ as a principal outcome for success. This is obviously driven by where values are placed for 
example biological objectives place a high value on intact ecosystems while the fisheries 
community driven by social and economic gains traditionally has been legislated to use MSY as an 
objective, while political pressure often forces high fishing effort in aid to preserve and create 
jobs, maintain fishing communities and economic flow. 
When defining sustainability the Marine Stewardship Council (MSC), an international body 
designed to accredit fisheries as being ‘sustainable and well managed’, is often cited. The MSC 
considers condition of a fish stock, the impacts on the environment, and any management system 
in place (Phillips et al. 2003). As of May 2016 there are over 280 fisheries that have been certified 
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by MSC to be sustainable, many of which are commonly cited as some of the best well managed 
stocks (MSC 2017). In the context of the definitions decried earlier MSC accrediting criteria do 
not include any economic or employment objectives, however. Alaskan salmon was one of the 
first stock to be MSC certified however this fishery was well known to be in economic trouble and 
employment had reduced substantially within this fishery as a result (Holborn 2007). This 
underpins the statement that there can be biological success without economic and social 
success. 
As part of a congruent approach, the FAO defined sustainability in world fisheries through number 
of workshops (Greboval 2002, 2004). It was concluded that the following elements were 
important factors when considering sustainability and success for global fisheries. Good 
governance was noted to be the most impactful element of fishery sustainability as it is 
recognised that many of the world’s fisheries are managed in a non-sustainable fashion ‘because 
there exists no real governance’ (Greboval 2002, 2004; Holborn 2007). Further, successful 
managed fisheries rely on governance that is transparent by the participants with a scale of 
decision making suitable to the fisheries being managed and in which the regulated stakeholders 
feel represented in the process (Hilborn 2007). Improving our knowledge of complex ecosystems 
is also considered an vital element of fisheries management as some non-sustainable fisheries can 
be attributed to poorly understood, complex ecosystems, whereas most well-managed fisheries 
are characterised by well-funded data collection programs in areas where our ecological 
understanding is well developed (Hilborn 2007). Other important elements of sustainability 
highlight the need to offer appropriate incentives and  reducing demand for limited resources 
Greboval 2002, 2004) 
There is no single process for moving currently unsustainable fisheries toward sustainability. The 
appropriate method will depend greatly on local circumstances. One of the most widely 
advocated approaches to natural resource management is adaptive management (Walters 1986; 
Gormley 2015), which essentially is learning by systematic trial and error (Hilborn 2007). 
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Nevertheless approaches to fisheries management, including MSY, have been typically been 
fisheries centric. On the contrary, marine protection has centred around protecting 
biodiversity., typically driven by biological objectives (Hilborn 2007; Jennings 2009). However, it 
has more recently been shown that a more holistic approach should be favoured for both 
management of fisheries and conservation (Link 2002). Thus MPAs are increasingly seen as 
instruments that can provide dual-benefits (Roberts and Hawkins 2000; Shears et al. 2006), 
through a more ecosystem-based approach (Christensen et al. 1996; Larkin 1996; Jennings and 
Kaiser 1998; CBD 2010; Garcia et al. 2014). It is through this approach, described below, that 
success will be determined. MPAs can be effective for conservation but could also have net 
financial benefits by protecting our seas and promoting sustainable uses of the marine 
environment, leading to increased economic income contributing to a ‘blue economy’; 
essentially a road-map for using marine resources sustainability while increasing economic 
growth while not compromising ocean health (World Bank 2017). Success will therefore be 
measured in this research on the basis of achieving these dual benefits, which ,considering the 
very nature of success, will be sustainable. 
1.1.5 Ecosystem-based management 
Marine Protected Areas (MPAs) are considered by some as key tools to implement an ecosystem-
based approach to the management of ecosystems rather than species, described as ‘a clearly 
defined geographical space, dedicated and managed through legal or other effective means to 
achieve long-term conservation of nature with associated ecosystem services and cultural 
values’ (Kelleher 1999; Dudley 2008). MPA management is wide ranging, each with specific 
management goals (Murawski et al. 2010; Côté and Finney 2006; Halpern et al. 2010). The 
benefits of incorporating fisheries management through the use of MPAs, are being increasingly 
recognised (Côté 2001; Gell and Roberts 2003; Gaston et al. 2008; Polunin 2009). Critics of MPAs 
have highlighted that MPAs are often not a central feature of successful fisheries (Holborn 
2007). They argue that MPAs simply patch the problem of overexploitation that does not address 
the basic causes of overexploitation in the first instance (Hilborn 2004), including the race to 
fish (Holborn 2007). Despite this, fisheries scientists certainly see protected areas as an 
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important part of the toolkit and have used targeted closures to protect spawning and juvenile 
rearing areas seeing this as common element of traditional fisheries management. 
The ecosystem-based management approach focusses on protecting the whole marine 
environment and removing unsustainable and damaging practices which compromise protection 
from those areas (Pikitch et al. 2004). This approach recognises that ‘humans are an integral 
component of ecosystems’ and so economic and social factors are considered alongside 
ecological factors, with the aim of benefitting fisheries by managing and protecting resources at 
an ecosystem level rather than at the species level (Gaines et al. 2010). 
1.1.6 Ecosystem-based management policy drivers 
1.1.6.1 International policy 
Fisheries management is implemented at a range of spatial scales from local and regional, 
through to national and international. Historically, fisheries management has always been 
targeted towards specific species as a response to overfished stocks (Möllmann et al. 2014). 
Globally, science and advice to support the sustainable use of the oceans is developed by the 
International Council for the Exploration of the Sea (ICES), a global organization ICES work is 
accomplishes its work through a series Expert Groups (EG), workshops and  Steering 
Groups (SG) outputs from which re then used in management. In the UK many of the recognised 
measures are brought in at an international level, as the European Union (EU) oversees the 
management of shared EU fish stocks through the implementation of the CFP (CFP 2013; Froese 
and Quaas 2013). The CFP is ‘a set of rules for managing European fishing fleets and for 
conserving fish stocks (Council Regulation (EU) (No 1380/2013); Council Regulation (EU) (No. 
3094/86). These species specific measures range from Minimum Conservation Reference Sizes 
(MCRS) of species, formerly Minimum Landing Sizes (MLS), through to Total Allowable Catches 
(TACs) or Maximum Sustainable Yield (MSY) approaches (Beddington et al. 2007). Due to the 
ecological failings of previous measures and interventions, ecosystem-based approaches to 
management in national and international waters, with the intention of protecting whole 
ecosystems, including the habitat, have been developed. These approaches aim to protect and 
enhance all biodiversity, while incorporating a combination of other management measures to 
help develop sustainable fisheries (Pikitch et al. 2004). 
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The Convention on Biological Diversity 
The Convention on Biological Diversity (CBD), first developed in 1992, is an important 
international agreement where it was agreed that ‘marine and costal protected areas are 
essential tools and approaches in the conservation and sustainable use of marine and coastal 
biodiversity’ (UNEP 2006). Ecosystem-based approaches were brought to the attention of 
international participants when the CBD made the ‘integrated management of land, water and 
living resources that promotes conservation and sustainable use in an equitable way’ a primary 
target and was thus adopted by its governing body (COP 5 Decision V/6) (CBD 2000). It was 
agreed that national marine and coastal protected areas should be established to protect 
ecosystems. Having adopted the goal from the 2002 World Summit on Sustainable Development 
to set up a representative network of protective areas in the maritime environments, the CBD 
has now developed the requirement for CBP parties to meet the Aichi biodiversity target  to 
protect 10% of the worlds coasts and oceans by 2020 (CBD 2010; 2011; Rice, 2001; Foster et al. 
2017). 
Ecosystem-based management through the use of MPAs at a continental level led to the EU 
adopting and developing the Birds (1979) and Habitats Directives (1992) (Council Directive 
92/43/EEC 1992). These directives promote the conservation and management of wild birds, and 
the maintenance biodiversity by restoring listed natural habitats and wild species back to a 
‘favourable status’. In applying these directives, EU member states must take into account the 
‘economic, social and cultural requirements, as well as regional and local characteristics’, and 
in particular a network of protected sites are to be established (Council Directive 92/43/EEC 
1992). This network, Natura 2000, is the centrepiece of the policy and is applied thought the 
EU. The aim of the network is ‘to assure the long-term survival of Europe's most valuable and 
threatened species and habitats’ (Sundseth and Creed 2008). The network comprises of Special 
Areas of Conservation (SAC) designations and incorporates Special Protection Areas (SPAs) 
designated under the Birds Directive. SACs and SPAs apply to listed protected habitats and 
species in both the terrestrial and the marine environments in areas that fall under national 
jurisdiction of EU member states; i.e for marine areas, waters extending out to 200 nautical 
miles from the coastline (Sundseth and Creed 2008). 
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Oslo and Paris convention (OSPAR) 
The Oslo and Paris convention (OSPAR) brings together fifteen European countries with western 
coast or catchments which cooperate to protect marine environments of the North east Atlantic 
(OSPAR 2003). The OSPAR commission operates under a number of guiding principles including 
the ‘precautionary approach’ principle (OSPAR Convention 2013). Following this approach 
‘preventive measures are to be taken when there are reasonable grounds for concern that 
human activities may bring about hazards to human health, harm living resources and marine 
ecosystems, damage amenities or interfere with other legitimate uses of the sea, even when 
there is no conclusive evidence of a causal relationship’, and that this should be applied even in 
areas that may lack full scientific evidence (OSPAR 2003). Under this principle, MPAs have been 
incorporated to provide an ecosystem approach to protecting, conserving and restoring species, 
habitats and/or ecological processes and so, where possible, MPAs are to be introduced as 
precautionary measures (OSPAR 2003). Agreements made during the 1998 Sinatra meeting 
promoted the establishment of a network of MPAs, and this was upgraded after a meeting in 
2003 to the ‘ecologically coherent network of well-managed MPAs’ outline (Council Decision 
98/249/EC, OSPAR Convention 2013; CBD 2004).  The aims of this MPA network are to: 
• to protect, conserve and restore species, habitats and ecological processes which have been 
adversely affected by human activities; 
• to prevent degradation of, and damage to, species, habitats and ecological processes, 
following the precautionary principle; 
• to protect and conserve areas that best represent the range of species, habitats and 
ecological processes in the maritime area (OSPAR Convention 2003; JJM 2003). This network 
was due to be implemented by 2010, but despite collective efforts the network is not yet 
considered ecologically coherent enough (Foster et al. 2017; Ardron 2008). The latest status 
report details the OSPAR network to comprise of 333 MPAs, with 324 MPAs situated in areas 
of National jurisdiction. This network covers ca. 700,600 km2 equating to 5.17% of the OSPAR 
maritime area (OSPAR convention 2013). As a result, the OSPAR commission provided outlines 
and guidelines to help identify any existing MPAs designated in areas under OSPAR 
jurisdiction that would retrospectively contribute to the network. 
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Marine Strategy Framework Directive (MSFD) 
In further response to continued degradation of its marine environments and resources the EU 
implemented the Marine Strategy Framework Directive (MSFD) in 2008, an attempt to protect 
European marine environments more effectively (European Commission 2008). The MSFD aims to 
achieve Good Environmental Status (GES) of Europe's region seas by 2020 and protect the 
economic and social benefits these seas provide (European Commission 2008; Marine Strategy 
Framework Directive 2008). 
‘‘Good environmental status’ means the environmental status of marine waters where these 
provide ecologically diverse and dynamic oceans and seas which are clean, healthy and 
productive within their intrinsic conditions, and the use of the marine environment is at a level 
that is sustainable, thus safeguarding the potential for uses and activities by current and 
future generations’ (Directive 2008/56/EC) 
This is the first EU legislation that is solely targeted to the protection of marine biodiversity, 
stating biodiversity maintenance as a ‘cornerstone’ of GES. The MSFD requires member states to 
apply an ecosystem-based approach to the management of human activities impacting its 
marine environment. In more detail, Article 13(4) stipulates that ‘spatial protection measures, 
contributing to coherent and representative networks of MPAs, adequately covering the diversity 
of the constitute ecosystems, such as SACs following to the Habitats Directive (aforementioned), 
SPAs following to the Birds Directive (aforementioned), and MPAs as agreed by the Community or 
Member States concerned in the framework of international or regional agreements to which 
they are parties’ (European Commission 2008; Foster et al. 2017). The Directive divides Europe’s 
waters into four regions where member states share neighbouring marine resources, and each 
member state is required to develop a plan for achieving and delivering GES. Marine Protected 
Areas (MPAs) are considered one of the main mechanisms to maintain biodiversity and deliver 
GES by providing various levels of protection from fishing activities, while encouraging ‘Blue 
Growth’ (Agardy 1994; Phillips 1998; UN 2002; Gell and Roberts 2003; Edgar et al. 2011; Qiu and 
Jones 2013; Ballantine 2014). Blue Growth aims at driving economic growth from our marine 
resources, fisheries contributing substantially, while concurrently increasing environmental 
protection (Vaughan 2017) 
The outlined EU policies are complemented by other policy instruments, strategies, programmes 
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and action plans including the EU Biodiversity Strategy, EU Biodiversity Policy and the EU 
Environmental Action Plans. An amalgamation of these plans and directives at the regional level 
is intended to fulfil the EU’s commitment made to the CBD. 
1.1.6.2 Policy landscape in England 
The English network has been set ambitious targets that will meet and exceed those of the CBD, 
requiring up to 27.1% of England’s marine area to be well managed by 2020 (Jones 2012). 
Marine and Coastal Access Act (MCAA) 
The Marine and Coastal Access Act (2009) (MCAA) is the most recent policy developed to manage 
and protect the marine and coastal environments in England at an ecosystem level (Fletcher et 
al. 2014). It marks a new approach to management and aims to provide ‘clean, healthy, safe, 
productive and biologically diverse oceans and seas by putting in place a new system for 
improved management and protection of the marine and coastal environment’ (JNCC 2016a). It 
included: 
• The development of the Marine Management Organisation (MMO), an executive non- 
departmental public body, sponsored by the Defra, which will operate as the Englands’s  
marine planning authority to deliver on marine functions in English territorial and 
offshore waters; beyond 6 nautical miles from the shore. It was launched in 2010 as an 
executive non-departmental public body. 
• A change to enforcement via the introduction of Inshore Fisheries and Conservation 
Authorities (IFCAs) which replace existing Sea Fisheries Committees (SFCs). IFCAs are 
committees made up of representatives from each local authority that fall within each 
IFCA district. The UK is divided up into 10 districts, and the representative IFCA for each 
district manages the sea and estuarine fishery resources of that districts coast out to 6 
nautical miles. It is the aim of the IFCA to ‘lead, champion and manage a sustainable 
marine environment and inshore fisheries, by successfully securing the right balance 
between social, environmental and economic benefits to ensure healthy seas, sustainable 
fisheries and a viable industry’. Fisheries management in the other UK regions are under 
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control of Natural Resources Wales (NRW), Department of Agriculture for Northern Ireland 
(DANI) and Marine Scotland. 
• The development of a network of Marine Conservation Zones (MCZs) in English and 
Welsh territorial waters. In Scotland these are Scottish Nature Conservation MPAs under a 
Marine (Scotland) bill. This will provide a legal mechanism to aid the UK in its meeting 
national and international marine conservation commitments. 
1.1.7 Marine Protected Areas in the UK 
Some of the first examples of MPAs in UK waters were through informal voluntary agreements 
developed by various local communities, marine conservationists and bodies such as dive clubs 
or local fishing groups (WWF 2015). These voluntary reserves varied in success as some failed 
and others were used to help develop further, more substantiated, legal designations. Statutory 
MPA designations for marine conservation are a relatively new concept. The Wildlife and 
Countryside Act (1981) first introduced a legal requirement for the UK to introduce Marine 
Nature Reserves (MNRs). The outlines for these designations were to ‘conserve marine flora and 
fauna and geological features of special interest’, as well as providing areas for scientific study 
(JNCC 2014). Eight areas were initially selected however only three have ever been designated 
(Jones 1999). Lundy Island located in the Bristol Channel became the UK’s first MNR with Skomer, 
Wales and Strangford Lough, Northern Ireland, following (Jones 1999). With only three MNRs 
being introduced in 20 years, this was seen as a failure. 
To date, the UK has introduced 275 MPAs which cumulatively cover 16% of UK waters (JNCC 
2014), 244 of which contribute to the OSPAR network (OSPAR 2003). The MSFD requires member 
states to build upon any relevant regional and sub-regional programmes and initiatives for 
marine conservation in order to increase cooperation with the implementation of the Directive. 
OSPAR countries who are EU member states will therefore coordinate any regional work 
completed as part of OSPAR. These MPA designations fall under a remit of strictly nature 
conservation, while other MPAs that achieve similar results but designated for different objectives 
are discussed later in this section. 
At present the UK has statutory MPAs in place including European Marine Sites (EMSs) comprising 
SPAs and SACs (Council Directive 92/43/EEC). The UK has 102 SPAs with marine components, 
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four of which are entirely marine and 105 SACs with marine components; 16 of which are 
offshore, Nine of which cover both inshore and offshore areas (JNCC 2013a). MCZs, Scottish 
NCMPAs in Scotland, have been implemented as part of the MCAA and Marine Scotland Act 
respectively. After consultation and deliberation with stakeholder groups representing four 
divided areas of the UK, 127 MCZs were identified at potential designations to be introduced in 
England over a number of years in three tranches. In tranche one 27 of these potential sites 
were designated in 2013 and a further 23 were designated in 2016 as part of tranche two. A 
third tranche is to be undertaken in the future after initial sites were consulted upon in 
November 2016, but this consultation period has now been extended to Spring 2018 with the 
view of implementing areas in the next 12 months thereafter (JNCC 2013a). Of these 27, 5 are 
located offshore beyond 12 nautical miles, and protect a range of habitats from cold water 
coral to diverse sand and gravel communities. Swallow Sand is the largest of all the MCZs at 
4746km
2 
and is located offshore, in comparison to the Aln Estuary MCZ which is the smallest 
designation at just 0.39km2 (JNCC2017). 
30 Nature Conservation MPAs (NCMPAs) were designated as part of the Marine (Scotland) Act as 
part of a range of measures to manage and protect Scotland’s seas (JNCC 2013a). These 
designations, plus Sites of Special Scientific Interest (SSSIs) with marine components, Areas of 
Special Scientific Interest in Northern Ireland and Ramsar wetland sites, designated under the 
Ramsar  international Agreement (1971), will also contribute to the overall MPA network in the 
UK (Natural England 2014). 
In addition, No-Take Zones (NTZs) in which almost all anthropogenic activity is limited/
prohibited are considered vitally important. There is an implicit obligation under the MSFD and 
the ecosystem approach to management that requires the understanding of characteristics of 
benthic communities under no impact scenarios (CEC 2008) to allow realistic ranges of 
indicators and biological conditions to be able to be assessed and thus provide baselines to 
situations which require it (Rice 2003; Bolam et al. 2017). 
However, currently the UK has very few highly protected areas in its waters. NTZs are examples 
of high level protection measures and have been previously shown to be beneficial to 
biodiversity (Murray 1999; Sale 2005; Lester and Halpern 2008). In the UK there are currently 3 
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NTZs, Lundy Island in South West England which has recently become an MCZ, Flamborough 
Head located in North East England and Lamlash Bay in Scotland. All types of fishing is 
prohibited in each of these areas. In addition to these, two UK offshore areas considered as 
NTZs are closed to all fishing to protect cold water coral species; North-West Rockall Bank in the 
North East Atlantic and Hatton Bank located in the Atlantic North-West approaches. (JNCC 
2011a). 
It should be highlighted that the review above focusses on nature conservation measures and 
designations designed to benefit biodiversity. It should be noted that other areas exist that 
restrict fisheries for reasons other than primary conservation but the benefits from which are 
comparable, for example Scotlands network of NCMPAs refer exclusively commercial fisheries 
however to date do not have a defined explicit role in achieving sustainable fisheries.That being 
said a number of spatial measures to protect fisheries exists in Scotland which include 
temporally or permanently closed areas, the most of which fall outside the identified MPA 
network. In addition to the conservation NTZ designation of Lamlash bay other highly protected 
areas do exists for example the Royal Navy/Qinetic test area (BUTEC) and areas closed due to 
risks from radioactive pollution (EPG(M)2015). Permanent closures to mobile fishing gear are 
also inlace in a large proportion of the Berwickshire coast, the Arbroath and Aberdeen inshore 
area and number of other lochs in Scotland, legislated for by Sea Fisheries Orders (SFO 2004). 
Similar closures can be seen in England including the Inshore Potting Agreement (IPA)area, South 
Devon, where zonal management is enforced to manage gear conflict between static and mobile 
fishers (Blyth et al. 2003), again in contrast to nature conservation measures. While 
acknowledged here, this thesis will focus on MPA designations, and management within these 
MPAs, that are driven by nature conversation objectives. 
1.1.8 Management within UK MPAs 
The majority of UK MPAs are multi-use, allowing certain activities to continue while excluding 
others. These multi-use MPAs or Partially Protected Areas (PPAs) typically exclude damaging 
activities which compromise the objectives of the MPA (Read 2010). For commercial fisheries, 
fishing practices that are known to negatively impact a protected feature or habitat are often 
excluded while commercial fishing practices considered to be compatible with the objectives of 
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MPAs are permitted. As highlighted, MPAs can be designated under different legislative measures 
and management of MPAs differs as a result. However, as evidence-based approaches are 
favoured commercial fishing practices are typically managed in a similar way. 
The UK’s multi-use MPA network is predominantly made up of MCZs and EMSs so a review of 
these designations takes precedent here.  
Marine Conservation Zones (MCZs) 
English waters were split up into four broad regional MCZ project areas. Management of English 
MCZs is undertaken on a site by site basis, with the implemented management measures and 
conservation objectives unique to each MCZ (Marine and Coastal Access Act 2009). Selecting 
areas suitable for MCZ selection is made difficult by the large number of marine habitats and 
species that exist in UK waters, thus designating an MPA for each is unrealistic. For 
simplification, species and habitats have been grouped together in order to characterise our 
marine  environment. The European Environment Agency (EEA) has previously  developed a 
classification system for managing species, habitats and site information as part of its European 
Nature Information Systems (EUNIS). EUNIS is a classification hierarchy with 6 levels, where at 
level 3 classification basic geomorphological divisions are combined with energy characteristics 
of hard substratum habitats, and for habitats of softer substrata sediment type is subdivided 
(Davies et al. 2004). EUNIS level 3 classification is considered to ‘reasonably reflect the 
variation in biological character of the marine environment’ (Davies et al. 2004). Using this 
classification, 23 broad-scale habitats have been identified within the UK. To meet the 
‘representativity’ MCZ network rationale, the network needs to protect the range of biodiversity 
found in our seas and examples of all 23 broad-scale habitats are to be protected within MPAs as 
part of the MCZ network (JNCC 2010). The OSPAR list of threatened and/or declining species, UK 
list of priority species and habitats (UK BAP) and schedule 5 of the Wildlife and Countryside Act 
have been used to identify both species and habitats that are known to be rare, threatened or 
in decline in UK waters (WCA 1981; JNCC 2016a). From this list, those that would benefit from 
site-based protection were selected as Features Of Conservation Importance (FOCI). FOCI are 
considered to be more sensitive to pressures and help highlight areas in more urgent need for 
protection (JNCC 2010). FOCI and broad-scale habitats are referred to as ‘features’ in MCZ 
guidance literature and will be used hereafter when discussing MCZs. The list of features is not 
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exhaustive and an MCZ can be designated for any species where there is strong evidence for the 
need for protection. On top of this, MCZs can be designated for geological and 
geomorphologically rare features, as well as local areas of interest not considered by these lists 
(Defra 2013b). 
The MMO and local IFCAs are the regulators that oversee the introduction of management 
measures, both of which are advised upon by Statutory Nature Conservation Bodies (SNCBs) 
mainly through Natural England (NE) and the Joint Nature Conservation Committee (JNCC), on 
vulnerability of features present and the activities occurring that will negatively interact with 
the features within each MCZ. The evidence of each of these will be consolidated within specific 
Impact Assessments (IAs) for each MCZ. IAs also set out assumptions of different management 
scenarios in achieving conservation objectives in order to best inform managers (JNCC 2012). 
This information, along with the outlined conservation objective(s), is presented as part of a 
designation order for each proposed MCZ. Conservation objectives aim to maintain or enhance 
or recover the feature, while are realistic and integrate with the objectives of other types of 
MPA as well as the Marine Strategy Framework Directive and the Water Framework Directive 
descriptors (JNCC 2011b). 
In some areas sites should be designed to reach 'reference condition’ which means, subject to 
practicality, areas should be allowed to develop the full biodiversity characteristic of the 
feature(s) in question (JNCC 2011b). Reference condition is defined as ‘a state where there are 
no, or only very minor, changed to the values go the hydromorphological, physicochemical, and 
biological quality elements which would be found in the absences of anthropogenic 
disturbance’ (Howarth 2006). Areas meeting these conditions are important to help us 
understand the impact of activities as well a providing evidence to help define GES. 
Implementation of management measures and their effect on present and future commercial 
fishing activities will be determined by the features to be protected by the MCZ, the sensitivity 
of these features to fishing practices, the exposure to fishing each feature faces in that area 
and how measures interact with social and economic practicalities; all of which will have been 
detailed in the MCZs IA (JNCC 2012). Defra specifies that there is no presumption that activities 
will be restricted in any given MCZ. Through guidance from SNCBs, local stakeholder groups and 
public authorities, ‘creative’ measures will be brought in to achieve their MCZs conservation 
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objective(s) (Defra 2013b). It will need to be considered if regulations is required at all, and if 
so, how and when regulations will be brought in. For example seasonal restrictions and the 
modification of activities are to be considered, as well as the scope for voluntary agreements. 
Defra also recognises that in the case of the most rare and sensitive features under threat, 
some or all of the disturbing activities will need to be regulated. Conclusions over the extent to 
which activities need to be regulated will be reached using the best and available evidence at 
the time. This can then be revised as and when new evidence becomes available. 
Welsh inshore waters are not covered by the latest MCZ legislation as Welsh waters already have 
125 MPAs that cover 36% of Welsh inshore waters. The majority of these MPAs are designated 
though existing European legislation as SACs, SPAs, RAMSAR sites and SSSIs. These sites are 
currently being assessed for their impact and to highlight gaps in the network. Although Wales 
have not adopted any MCZ legislation as of yet, Skomer was upgraded from MNR to become 
Wales’ first MCZ in 2014. Skomer is home to many species and habitats of national and 
international importance. Specific fishery byelaws have been introduced to prohibit the use of 
bottom towed fishing gear within the MCZ, as well as banning the taking of certain scallop 
species by any means (Newman et al. 2016). 
The UK MCAA 2009 and Marine (Scotland) 2010 enable the Scottish government to introduce a 
network of MPAs coined Nature Conservation Marine Protected Areas (NCMPAs) to be introduced 
alongside existing MPAs as part of its National Marine Plan to safeguard and manage Scottish 
seas, as well as meet UK/EU targets for marine conservation and achieve ecological coherence 
across the network (Marine Scotland 2010). In similarity to English MCZs Marine Scotland were 
advised on, and will continue to be advised on, areas to protect and the conservation measures 
required by their statutory conservation body, Scottish Natural Heritage. A feature catalogue 
listed 81 habitats and species considered to be of conservation importance in Scottish waters. 
30 NCMPAs were introduced, 17 inshore under the Marine (Scotland) Act and 13 offshore under 
the MCAA, covering around 10% of Scottish waters (JNCC 2016a). The Scottish government 
recently set out its plans on management within NCMPAs and intend to ban the use of suction 
dredging, mechanical dredging, beam trawl, other types of trawling and seining (including 
pelagic), set nets, long lining and creeling in many of its  designations; including the Loch 
Creran MPA, Lochs Dutch, Long and Alsh MPA, St Kilda MPA and more (JNCC 2016a). In terms of 
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currently enforced fisheries management in NCMPAs, the Upper Loch Fyne and Loch Goil MPA 
currently prohibits all mechanised dredges, as does the Wester Ross MPA. More recently, all forms 
of dredging have additionally been banned in Wester Ross. The Loch Sunart to Sound of Jura MPA 
prohibits scallop dredging like the Loch Sween MPA. In the majority of cases any permitted 
scallop dredging vessels must limit their effort to 8 dredges per side. The MPA of South Arran 
encompasses the Lamlash Bay no-take zone and its current restrictions will be upheld even 
reclassification, making South Arran one of the most highly protected NCMPAs. The proposed 
management order came into force on the 1st of October 2015 (Marine Scotland 2015). 
A new Northern Irish bill (Marine Act (Northern Ireland)) (2013) on marine conservation sets out 
management frameworks for Northern Irish waters, as well as affording the creation of MCZs. A 
draft proposal has been put to consultation and a network of sites was due to be introduced by 
the end of 2016 but this has not been met (JNCC 2016b). Northern Irelands first, and most 
recent, MCZ is Strangford Lough  which was automatically upgraded from a MNR following the 
Marine Act 2013. There are currently no restrictions on commercial fishing activities, but 
byelaws prevent mooring, anchoring and diving at certain times of the year. However, the 
Department for Agriculture and Rural Development has recently committed to a pot fishery 
management plan in order to help regenerate the horse mussel (Modiolus modiolus). The plan 
will most likely introduce a permitting scheme and help limit boats and effort within this sector. 
European Marine Sites (EMSs) 
Prior to 2013, commercial fishing activity that predated recent MPA designations came under The 
Public Right To Fish Act and therefore the Habitats Directive could not be applied to commercial 
fisheries. However, this was argued against as it was stated that if a commercial fisher is 
licensed to fish then that means the Sea Fish (Conservation) Act 1967 would come in to affect 
meaning licensed activities, including commercial fishing, should be managed according to 
Article 6 of the Habitats Directive (Appleby 2015). In addition, SACs, EMS MPAs, were seen to be 
failing in their management as many of the sensitive features protected by SAC boundaries were 
being degraded as a result of allowing fishing as part of their multi-use status. Pressure from 
Non-Governmental Organisations (NGOs) on the UK government, arguing that the UK was in 
breach of the Habitats Directive (Article 6.2, 6.3) as it failed to manage damaging fishing 
activities leading to deterioration of natural habitats, plus reissuing licenses to these practices 
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without ‘appropriate assessments’ (Client Earth 2011; Rees et al. 2013). Therefore in September 
2013 Defra adopted its ‘revised approach’ to managing EMSs. This revised approach to managing 
EMSs now ensures that existing and potential fisheries management is in accordance with Article 
6 of the EU Habitats Directive 92/43/EEC, both inshore and offshore. This means that fishing 
activities are now assessed in the same way that existing activities such as construction, 
dredging and scientific studies are; a risk based approach. It should be noted that this type of 
management is specifically feature-based management and quite different to ecosystem-based 
management, and approach advocated for earlier in this thesis. 
Designated EMSs with marine components encompass a large range of protection measures and 
therefore will impact commercial fishing activities in different ways. Article 6 of the Habitats 
directive defines that all member states must ‘Avoid damaging activities that could significantly 
disturb these species or deteriorate the habitats of the protected species or habitat 
types’ (Council Directive 92/43/EEC). It was decided at the MPA Project Board that the remit of 
management in EMSs among fisheries would be broadened to include MCZs under conservation 
obligations of the MCAA and to bring MCZs in line with Article 6 legislation (Defra 2014; Fletcher 
et al. 2014). For all types of commercial fishing activity, licensed or unlicensed, assessments are 
required to ensure that they are compatible with obligations to protect sites under these EU and 
UK directives. Evidence based assessments will evaluate the potential impact of different fishing 
gear types to  determine their requirement for management based on the risk they pose to 
designated  features. A matrix has been developed to assess the generic effects that different 
gear types pose to the conservation objectives of each EMS. The matrix is based on existing peer 
reviewed evidence and has assessed the vulnerability of EMS features to commercial fishing. The 
matrix introduces a traffic light system for which Defra has defined the categories (Table 1. 2). 
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Table 1.2. Details for ‘traffic light’ risk categories providing information regarding likelihood 
of fishing activity to compromise the objectives of EMSs (Client Earth 2014) 
To date, the first stage of the revised approach has been completed and 17 byelaws have been 
brought into 42 existing EMSs located in inshore waters (Client Earth 2014), in order to protect 
the sensitive seabed habitats for which they were designated for. These habitats were judged to 
be ‘red risk’ from bottom towed fishing gear based on the matrix leading to bottom towed 
fishing gear being excluded from these EMSs as a result. For example the Cornwall IFCA: Closed 
Areas (European Marine Sites) Byelaw, that affects 5 SACs in the Cornwall IFCA district, which 
bans bottom towed trawling, dredging, bait collection, crab tiling and other red risk fishing 
activities (Client Earth 2014). 40 local laws in England and Scotland have been developed to ban 
or restrict types of trawling and dredging from a large number of coastal EMSs (Client Earth 
2014). 
This approach was in part due to the availability of evidence for the impact on bottom towed 
fishing. However, this is just one commercial fishing activity and uncertainty remains for other 
types of commercial fishing activities, thus more evidence is required. The revised approach 
second stage is underway to identify which Amber and Green risks are likely to cause any 
significant effects to EMSs. ‘Likely’ is interpreted as reasonable doubt exists over whether the 
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 Risk Description:
Red Where it is clear that the conservation objectives for a feature (or sub-feature) will not be 
achieved because of its sensitivity to a type of fishing – irrespective of feature condition, 
level of pressure, or background environmental conditions in all EMSs where that feature 
occurs – suitable management measures will be identified and introduced as a priority to 
protect those features from that fishing activity or activities. For activities identified as Red 
it was wished that management measures would be introduced by the end of 2013
Amber Where there is doubt as to whether conservation objectives for a feature (or subfeature) 
will be achieved because of its sensitivity to a type of fishing, in all EMSs where that feature 
occurs, the effect of that activity or activities on such features will need to be assessed in 
detail at a site specific level. Appropriate management action should then be taken based 
on that assessment
Green Where it is clear that the achievement of the conservation objectives for a feature is highly 
unlikely to be affected by a type of fishing activity or activities, in all EMSs where that 
feature occurs, further action is not likely to be required, unless there is the potential for in 
combination effects
Blue For gear types where there can be no feasible interaction between the gear types and 
habitat features, a fourth categorisation of blue is used, and no management action should 
be necessary
activity considered causes significant effects. For those identified as having potential effects 
assessments are undertaken to determine whether the effects are ‘adverse’. Where there is 
doubt as to whether conservation objectives for a feature (or sub feature) will be achieved 
because of its sensitivity to a type of fishing, the effect of that fishing activity or activities on 
the feature will need to be assessed in detail in all EMSs where that feature occurs.  
For multi-use MPAs appropriate management action should be taken based on these 
assessments. If it is not proven beyond reasonable doubt (DEFRA 2014) that the activity does not 
pose an adverse threat to site integrity then the MPA or relevant parts of it will be closed to the 
particular activity. Mitigation approaches can also be introduced, if proved suitable, through a 
number of methods including seasonal closures, effort restrictions or gear modifications (Defra 
2014). For multi-use MPAs in the UK this is fundamental, thus evidence and understanding of the 
impacts, and the compatibility,  of all UK commercial fisheries with MPAs is required. 
1.1.9 Introduction to UK fisheries 
The UK is a diverse fishing nation and has historically always contributed highly to global fishery 
landings. In the latest figures (MMO 2015) the UK fishing industry was made up of 6187 vessels, 
4863 10 metre and under vessels and 1324 over 10 metre vessels, employing around 12 000 full 
and part-time fishermen. 
While around four fifths of the UK’s fishing fleet consists of vessels 10 m and under in length, 
these vessels make up 9% of the fleets capacity (gross tonnage) and a third of the fleets power 
(KW engine power) (MMO 2013). In England, the under 10 m fleet consists of around 3000 
registered vessels of which 70% are active. The other 30% are considered as inactive or ‘latent’ 
which refers to those vessels that are licensed to pot for shellfish but are not currently fishing in 
this way; 2000 vessels of this total make up the ‘inshore fleet’ of which 1000 have uncapped 
licenses allowing them to land more than 300 kg of quota species a year (Nufta 2015). The 
inshore fleet refers to those vessels based in the UK that fish within coastal areas extending up 
to 12 miles from the coastline (MMO 2015). 65% of the inshore fleet are involved in full time 
employment with more than half of the fleet being under 8 m in length (Nufta 2015). The 
majority of landings are of non-quota stocks, predominantly shellfish (MMO 2015; Nufta 2015). 
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Welsh, Scottish and Northern Irish fleets are smaller in comparison but show similar trends. 442 
10 m and under vessels contribute 93% to the total Welsh fishing fleet, with 1447 vessels 
contributing 71% to Scottish fleets and 234 vessels contributing 62% to the Northern Irish fleet 
(MMO 2013). In 2015, UK vessels landed 708 thousand tonnes of fish and shellfish into the UK and 
abroad, valued at £775 million. Of these landings, demersal fish was proportionally greatest 
with shellfish a close second. The average value of demersal fish species was £1766 per tonne, 
while only £509 per tonne for pelagic species. Shellfish were the most valuable at £1873 per 
tonne. The UK fishing industry is dominated by 6 types of commercial fishery. Starting with the 
largest  sector in terms of kW days at sea the UK fishing industry is dominated by bottom towed 
trawling/seine fishing followed by pelagic fishing, dredging, beam trawling, pot and trap 
fishing, drift and fixed netting (MMO 2015). These vessels fish coastal and offshore waters that 
fall under national and international jurisdiction and management. Recent assessments of UK 
fisheries, with particular focus on time series landings data from the English Channel, 
demonstrated that high trophic level fisheries have been increasingly replaced by smaller, low 
trophic level fisheries and invertebrates (e.g. scallops, crabs and lobster). This is a problem in 
many of the worlds fisheries, fish catches increasingly being replaced by invertebrate fisheries 
(Molfese et al. 2014). 
1.1.10 The impacts of bottom towed fishing 
Aside from impact of overfishing, unsurprisingly fishing practices can be ecologically destructive 
in other ways, particularly to benthic habitats (Jennings and Kaiser 1998; Collie et  al. 2000; 
Hall-Spencer and Moore 2000; Jennings 2001; Hall-Spencer et al. 2002; Kaiser et al. 2002 Pauly 
et al. 2002; Dieter et al. 2003; Hinz et al. 2009). The main methods for fishing for the current 
global top ten landed fish species are purse seine netting or various derivations of bottom towed 
trawling (Pauly et al. 2002; FAO 2011b). These are referred to as ‘mobile’ methods of fishing and 
encompasses many fishing methods. The descriptor ‘bottom towed trawling’ describes fishing 
practices that are actively ‘towing’ heavy mechanical fishing gear across the seabed in order to 
catch predominantly mobile species that inhabit near, on and in the benthos, resulting in 
significant disturbance of, damage to, and/or complete removal of most sensitive benthic 
sessile and sedentary epibiota (Hall-Spencer and Moore 2000). Intense trawling activity has a 
number of other direct and indirect impacts on ecosystems through resuspension of sediment 
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and smothering of species (Hall 1999), through habitat degradation, pollution, reduction in 
water quality, ghost fishing through lost gear and environmental effects of discards, dumping 
and bycatch (Jennings and Kaiser 1998). 
These practices are not modern with early pre-1900 examples of bottom towed trawling being 
exhibited by large sail powered boats that ‘trawled’ lightweight gear at slow speeds in shallow 
water (FAO 2005b). After the introduction of steam post 1900, heavier and larger trawls were 
introduced. In recent times, the majority of commercial bottom towed trawling is exhibited 
through either purse seine netting used to target species just above the seafloor or through 
otter, beam or pair trawling which are classed as bottom trawls which target species that live in 
the benthos or dredging which targets species that live in the benthos. Otter trawling involves 
towing nets which held open by the large metal ‘otter’ paddles which also help ensure nets are 
held open and remain in contact with the seabed while towing. Pair trawling refers to the same 
practice, but when it is undertaken by two or more vessels. Beam trawling target the seabed in 
which a heavy beam is used to maintain the opening of the net, metal tickler chains are also 
used to help disturb the seabed. Seine netting deploys vertical nets from vessel that are dragged 
on the ground to disturb benthic dwelling species into the nets (FAO 2005b). All of these 
techniques are commonly trawled at bottom speeds of between 1-7 knots and their duration can 
be determined by fish density on the ground, topography or surface conditions. Until the 1980s 
many commercial trawlers had to avoid rocky substratum or coral reefs due to the risk of 
snagging and losing gear but the introduction of the more modern rockhopper trawl, where 
trawls are fitted with rubber wheels to allow the gear to pass over rough surfaces, helped 
combat these limitations. Examples of the trawls mentioned are now used in every major area 
of the world with the aid of technological advancements can now be deployed in waters up to 
2000 m (UNEP, 2006; Ramirez-Llodra et al. 2011). Purse seine netting and trawling methods of 
fishing are considered both inefficient and un-selective (Hall-Spencer and Moore 2000). Their 
inefficiency means a large amount of repetitive fishing over the same fishing grounds is required 
to maximise their catch, and poor selectivity leads large amounts of target and non target 
biomass being removed on a regular basis (Alverson et al. 1994; Kaiser, and de Groot 2000). In 
UK waters the footprint of fishing is estimated to account for 99% of all human pressures that 
impact the seabed (Foden et al. 2011; Bolam et al. 2017) 
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The negative impacts on the benthos and benthic organisms from towed fishing gear are well 
studied and this type of fishing can have significant effects (de Groot and Lindeboom 1994; Goñi 
1998; Hall 1999; Hall-Spencer et al. 2002; Hiddink et al. 2006; Hinz et al. 2009; Sheehan et al. 
2013a). Over the past 30 years numerous studies have described and quantified the impacts of 
towed trawls and dredges. The physical impacts are dependant on the weight of the gear, the 
tow speed and duration, the substratum type and the current speed (Hinz et al. 2009). An 
organism’s susceptibility to bottom towed trawling and dredging depends on their life history, 
size and fragility (Hall-Spencer and Moore 2000). Dredges, beam and otter trawls have been 
studied in the North sea and been shown to be highly extensive and prolific methods. It was 
estimated that in the most heavily fished areas of the North sea each square metre of seabed is 
trawled around seven times annually (Piet et al. 2009). In European waters is has been 
documented that the physical seabed footprint of bottom towed trawling ranges from 22-99% in 
water depths of 0-200m and 4-68% in depth ranges from 201-1000m (Eigaard et al. 2015). Beam 
trawls penetrate these areas of seabed to a depth average between 4-7cm (de Groot 1995; 
Hiddink et al. 2006). 
The ICES group for the effects of bottom towed trawling highlighted that these fishing activities 
had short and long term effects on benthic habitats and communities, both positive and 
negative (Eigaard et al. 2017). Rinjsdorp reported that for a 60 year study into the Wadden Sea, 
Germany, continual trawling had been shown to cause long term changes to the abundances and 
species compositions of its benthic communities (Rinjsdorp et al. 1998). It was clear that the 
slower growing epibenthic species had been slowly replaced by fast growing species. As a result 
the number of individuals had actually grown but this was seen to be driven by the large 
increase in opportunistic polychaetes that occupy the benthos. The overall diversity of 
crustaceans and molluscs actually decreased. This actually lead to an unexpected boom in the 
flatfish population as they actively predate upon polychaete worms. Concurrent results were 
seen on gravel fishing grounds of Northwest Australia where declines in the abundances of 
epifaunal species like sponges and large corals etc occurred from pair trawling. The fish 
associated with this larger epibenthos were removed from the system, however those fish 
associated with open sand habitats increased in abundance and gave rise to a new fishery (ICES 
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2015). 
The issue of bottom towed trawling was raised with parliament by British fishers dating back as 
early as 1376, who noticed alleged damage from trawling and it was the general opinion that 
fishing was deteriorating in various areas as a result (Jones 1992). In more recent times it has 
been shown that important habitat forming species that stabilise habitats and create 
topographically and ecologically complex habitats, such as coral reef beds, seagrasses, tube 
building polychaetes and other hard structural species are particularly vulnerable to dredging 
and trawling (Bradshaw et al. 2003). Repetitive bottom towed trawling can cause long-term 
changes to benthic communities by breaking down and removing available habitat vital for 
supporting rich marine communities (Babcock et al. 1999; Worm et al. 2006). This habitat is 
considered fundamental for the settlement of juveniles, the provision of refuge and provision of 
food to developing animals, and it is the removal of such habitat that had been identified as one 
of the primary drivers in the decline of populations that conflict with fishing (Bradshaw et al. 
2003; Howarth et al. 2011). 
Understanding the extent of direct and indirect anthropogenic fishing activities is imperative in 
order to introduce appropriate management. The notoriety surrounding the ‘ecological 
meltdown’ that has occurred in recent history within the Firth of Clyde described earlier 
provides a snapshot into these impacts of trawling as well as a plausible endpoint for if these 
damaging activities are allowed to continue at the same scale (Thurstan and Roberts 2010). 
1.2 Potting 
Potting is arguably the oldest form of fishing, stemming from the primitive utilisation of natural 
materials to trap organisms that used tidal cycles or streams for movement or feeding (Slack- 
Smith 2001). From the development in understanding that fish actually used these traps for 
shelter and that bait could be used as an attractant, the modern pot or trap was conceivably 
born (Slack-Smith 2001). This fishing technique underwent convergent development globally and 
the   words   ‘potting’/’pot’  and   ‘trapping’/’trap’  are   used   interchangeably   depending on 
colloquial terminology. In this thesis, in correspondence with UK terminology, potting/pot will be 
used to describe this type of fishing.  
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Modern pots are three dimensional submersible devices made of wire or wood with the main 
intention of attracting organism inside to become trapped (NOAA 2015). This type of fishing is 
considered as ‘passive’ or ‘static’ which refers to the way they fish, in contrast to mobile fishing 
techniques (Nédélec and Prado 1990; Seafish 2015). Once baited and deployed, the fishing gear 
can be left stationary for many days to allow animals to enter and be caught. The majority of 
pots are fully covered with one entrance and no exit. The advantages of potting allow for more 
control over the size and species of the mobile species you catch. The pot entrance can altered 
to control the maximum size of the organisms that enter, mesh size and escape routes can be 
altered to control the minimum size of the species retained and the type, model, bait used or 
shape of the pot can be utilised to target certain species in a particular fishery (Slack- Smith 
2001). von Brandt developed a system for defining the general types of pots that can be used 
(Von Brandt 1959). These were defined as: 
• Traps that make hiding places 
• Traps that form barriers 
• Tube traps – trapping those species that are unable move backwards 
• Basket traps 
• Large open water traps 
• Traps set out of the water – for targeting species such as flying fish 
• Pitfall traps – to target those species that migrate along the seabed 
1.2.1 Global commercial pot fisheries 
Globally, pot fisheries predominantly target crustacean species for market (Slack-Smith 2001). A 
recent review looked at all the large crustacean fisheries, ‘large’ being defined as this fisheries 
that gross more than $20 million annually, and found that on average they harvest 60 million 
tonnes of crustacea in total which is estimated to equate to $2.5 billion dollars (using market 
averages based on price per kg from 2004-2012 and average exchange rates of the same period 
up until 2012) (Scheld et al. 2016). Nine major species are targeted globally by these large 
crustacea pot and trap fisheries (Fig. 1.1). 
 
                                                                                 34
Figure 1.1. Global distribution of largest pot fisheries targeting crustacea species (taken 
from Scheld et al. 2016) 
The American lobster (Homarus americanus) is estimated to be the largest crustacea fishery in 
the world in terms of generated revenue (Table 1.3).The largest revenue generating crustacea 
fisheries comprise of crab and lobster species. Note that these estimates do not take into 
account aquaculture, so other global crustacea fisheries, including the shrimp fisheries, are not 
taken accounted for (Scheld et al. 2016). Globally, around 40 species of crab are estimated to 
be targeted commercially, however misreporting, lack of information and influences from illegal 
markets prevent accurate estimations for all species being made (FAO 2015a). Yet it is widely 
accepted that the blue swimming crab is the largest crab fishery in terms of volume (7%) 
followed by the tanner/snow crab fishery (4%) (FAO 2015a). There are large landings from 
Russian crab fisheries in the N orth Pacific but this is hard to estimate due to a belief that 
this fishery is contributed to by major illegal fishing activities. It was recently estimated that 
illegal Russian production could be larger than the entire Alaskan crab fishery (WWF 2014). A key 
consequence of these activities is a downtown in market prices for many affected crab species. 
International trade of crab and crab related products has been declining for the past 10 years 
and currently is estimated to be around 340 000 tonnes a year. Crab trade in Northern Europe is 
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more favourable as the market has been relatively stable in recent times (FAO 2015a). 
Table 1.3 Global landings (MT million tonnes) and revenue of largest crustacea pot fisheries. 
Adapted from Scheld et al. (2016) 
Lobster are the most traded species and is one of the most expensive products entering 
international trade (FAO 2015b). According to GLOBEFISH lobster currently sits at around $20 
USD per kg, in comparison to $10 USD per kilo for shrimp and $5 per kg for finfish (FAO 2015b). 
The Caribbean spiny lobster is arguably the most lucrative of all lobster fisheries with over 
100,000 fishers being directly and indirectly involved in commercially harvesting the species 
(Phillips and Kittaka 2000). Despite the world production weights of lobster being far lower than 
that of other major global fishery species, the market price makes marketable lobster species 
very important fisheries. In 2014, the market for US lobster imports made new ground by 
reaching over 1 billion USD for the first time. This is considered to be attributed to increases in 
Canadian lobster imports which dominate US market imports. After the US, the second major 
lobster importer is the EU (FAO 2015b). 
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Species Landings 
(MT)
Revenues 
(US$)
Major Producers
American lobster (Homarus 
americanus)
100,837 $948M Canada, USA
Spiny lobster (Panulirus 
argus)
34,868 $500M Bahamas, Brazil, Cuba, 
Nicaragua, Honduras, USA
Queen crab/snow crab 
(Chionoecetes opilio)
113,709 $401M Canada, St. Pierre and 
Miquelon (France), USA
Blue swimmer crab 
(Portunus pelagicus)
173,647 $199M China, Philippines, 
Indonesia, Thailand, 
Vietnam
Dungeness crab 
(Metacarcinus magister)
35,659 $169M USA, Canada
Blue crab (Callinectes 
sapidus)
98,418 $152M USA
King crab (Paralithodes 
camtschaticus)
10,137 $99M USA
Edible crab (Cancer 
pagurus)
45,783 $49M United Kingdom, Ireland, 
Norway, France
Stone crab (Menippe 
mercenaria) - claws only
2,502 $24M USA
TOTAL 615,560 $2.5B
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Pot and trap fishing for vessels over 10 m is currently the second largest fishing sector per vessel 
in regards to effort (days spent at sea) within the UK (Fig. 1.3), averaging around 40 000 days 
that fishers spend at sea annually. Additionally, a large proportion of the under 10 metre fishing 
fleet operates partially or completely within the potting sector (NUFTA 2013). Although there is 
no statutory requirement under EU or UK law for fishermen operating 10 metre and under 
vessels to report catches of non-non-quota species, it is estimated that the fleet contribute an 
additional 20% to UK commercial landings (NUFTA  2013). 
 
Demersal Trawl/Seine         
   Pots & Traps          
Dredge          
    Beam Trawl          
     Drift & Fixed Nets          
      Gears using hooks         
Pelagic            
                      -25,000 - 50,000 - 75,000 - 100,000- 
          Days at Sea (thousands) 
In the UK, commercial potting targets a range of species that include many crab species, lobster 
species, shrimp, cuttlefish, whelks, eels, octopus and numerous fish species (Slack-Smith 2001). 
In commercial pot fisheries a number of types of pots can be commonly used (Seafish 2011): 
Inkwell Pot: The traditional pot style allows the animal to climb in though the entrance to 
feed on the bait, however the animal is able to climb back out the pot again meaning 
these have to be regularly hauled. These pots often target crab, lobster and shrimp. 
Parlour pot: these pots are commonly used to catch crab and lobster species. These pots 
have two chambers which animals climb into and have more difficulty in escaping. The 
pots are generally hardwearing and are used in areas where bad weather inhibits regular 
hauls. 
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Figure 1.3. UK fishing fleet effort in Vessel Days at Sea by gear type in 2012. Data from UK 
Sea Fisheries Statistics 2015
Nephrops pot: These pots fish for Nephrops norvegicus, a small type of lobster often 
referred to as the Dublin Bay prawn or Norway lobster, and are much lighter than other 
crustacean pots. The entrance to these pots are often made of hard plastic. Mesh size 
tends to be quite small to prevent escape (Kinnear et al. 1996). These are often called 
creels. 
Cuttlefish pot: Usually large square wire traps that sit on the seabed. Often baited with 
fish or a live cuttlefish entrances allow cuttlefish to swim in but not escape. 
Palaemon pot: A cylindrical plastic pot with soft net entrances as opposed to plastic. 
Lighter than crustacean pots these pot fish for prawns. Mesh (net) size can vary. 
Whelk pot: Typically made from recycled plastic containers with one end partially 
removed and netted to create an entrance. The pot usually has a heavy object to weight 
them down and are baited and left on the seabed to catch whelk. The net prevents escape 
however small holes are usually drilled in the side of pots to allow undersize organisms to 
escape. 
The large quantities of crab and whelk landed into the UK each year by UK vessels, and the high 
market price for the European lobster in UK, EU and global markets, mean that parlour, inkwell 
and whelk pots are most heavily used pot type by the UK commercial fishing fleet, particularly 
on the south coast of England, English Channel and the Cornish and Devon crab fisheries 
(Galbraith and Rice 2004; MMO 2015). These types of pots are typically deployed on the seabed 
and attached to the surface using rope and marker buoys. They can be deployed individually or 
in continuous ‘strings’ of multiple pots in waters ranging from depths of 1 m to 730 m (Eno et al. 
2001; NOAA 2015). The configuration, deployment conditions, habitat and threats differ depends 
on the species being targeted and the habitat they are being fished upon (NOAA 2015). 
Pots have to be heavily weighted to maintain their position on the seabed for long time periods. 
It is conceivable that physical damage could occur through both direct contact and through 
abrasion/scour from movement of gear during periods of adverse weather and spring tidal cycles 
(Eno et al. 2001; Lewis et al. 2009; Gall In press). It has been highlighted that additional 
damage is likely to occur in both the setting and hauling of pots, as well as from any associated 
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movement of ground lines and anchors (Hartnoll 1998; Eno et al. 2001). Potting therefore could 
potentially cause damage to sensitive reef habitats, some of which may currently be protected 
or in need of protection.  
1.2.3 The impacts of potting, a review of literature 
International 
There are a few examples of observations and empirical study into the impact of potting 
globally, both in temperate and tropical ecosystems (Hawkins et al. 2007). 
In a review synthesised by Johnson, 2002, potting damage has been shown to occur on coral 
reefs in St Thomas, US Virgin Islands where 5% of corals and 47% of gorgonians experienced 
tissue damage due to scrapes from pots per year. By scaling up the impact each pot has on the 
coral reef it is estimated that at current intensity around 104 m
2 
of coral reef is damaged each 
year from potting around these islands (Quandt 1999). 23% of corals, 34% of gorganians and 30% 
of sponges also experienced damage in hard bottom reef habitats of La Parguera, Pueto Rico. 
The intensity of potting was greatest in areas of highest productivity so the impacts were not 
uniform. It was however noted that all of the pots deployed on hard bottom habitat or reef 
caused a degree of damage to some of the reef forming species. 30% were seen to be 
additionally damaged during retrieval (Johnson 2002). The ongoing cumulative effects were not 
quantified but the signs were worrying in an area already experiencing a high degree of damage 
from overarching environmental impacts (Appeldoorn et al. 2000). Other studies reviewed 
demonstrated similar impacts to large sponges and gorgonians in temperate areas. One study 
found that some of these species recover to original condition within 1 month. However, this 
again poses the question of cumulative effect on species that do not experience relief from 
potting (Johnson 2002). 
Lewis et al. 2009 looked at the effect on coral communities of submerged pot movement when 
under storm conditions in hard bottom and reef habitats.  After a period of three winters and 26 
storm events it was determined that traps moved when storm winds were greater than 15 knots 
and lasted over 2 days. Corals and sponges displayed injuries that occurred as a result of this 
movement through a variety of scrapes, breaks and dislodgement. Total sessile cover in the 
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vicinity of pot movement paths was reduced from around 51%-31%, dependent on depth. 
Potting impacts have also been noted in seagrass habitats in the Florida Keys National Marine 
Sanctuary, where seagrass has been dislodged, damaged and displaced by active and derelict 
pots. This effect is exacerbated during periods of bad weather but the impacts were 
summarised to be seasonal to coincide with crab and lobster fishing seasons (NOAA 2015) 
In Sweden, analysis undertaken into the physical area impact by creeling (type of potting) for 
Nephrops norvegicus found that in comparison to conventional Nephrops trawling and species-
selective trawling, two other methods used for fishing Nephrops in this fishery, the while creel 
fishery that accounts for 20% of total landings affects the same seafloor area as that of one hour 
of trawling. Conventional trawling per kg of catch impacts an estimated 33,000 km2 and species-
selective trawling impacts an estimated 15,600 km2 which compares to about 1.8 km2 per kg of 
catch (Ziegler 2006) 
UK 
There are very few primary evidence sources regarding impacts associated with potting from the 
UK. Most of the underpinning research is either species or habitat specific and often too 
restrictive. 
In the UK potting impacts have always been considered as benign, causing little damage to 
marine environments (Eno et al. 2001; Coleman et al. 2013), however the current evidence base 
underpinning this assumption is considerably thin. There are currently very few empirical 
studies that have looked at the direct and indirect physical impacts of pot fishing on temperate 
benthic communities and habitats. In the context of Defra’s revised approach matrix ‘Static - 
pots/traps’ are considered to pose a Red risk to 0 sub feature habitats, and Amber risk to 27 
habitats, a Green risk to 3 habitats and a Blue risk to a further 13 habitats. These sub-feature 
habitats that are at Amber risk include subtidal gravel and sand, subtidal mixed sediments and 
subtidal bedrock, boulders and cobble reefs (Appendix table A1). By 2016 associated impacts 
had to be assessed and necessary management is to be in place. This target was not met, 
however Amber risks continue to be assessed. Currently, there is not much evidence regarding 
the ecological impact of potting on benthic habitats. It is imperative to understand 
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environmental impacts from all commercial fishing activities, especially when managing these 
activities within the context of an MPA. 
The most widely recognised research in this field is a study undertaken by Eno et al. in 2001. 
This paper synthesises a number of studies that looked at the effects of fishing various types of 
crustacean pots on a number of benthic species within the UK. Firstly Nephrops creels and their 
impact on a variety of sea pen species (Funiculina quadrangularis, Penatula phosphorea, 
Virgularia mirabilis) were observed in a number of locations around Loch Broom, Scotland (Eno 
et al. 1996). Sea pens are fleshy colonial cnidarians which anchor into the seabed and form leaf– 
like branches that extend from a central stem. Species tend to be soft bodied, growing up to a 
metre in length in some cases, and have a patchy distribution throughout the UK (Eno et al. 
1996). The study sites habitat was defined as ‘muddy substrate’ as this is favourable for sea pen 
growth. Using video observations, it was observed that creels created a ‘pressure wave’ 
immediately before contact with the seabed and this was sufficient to bend sea pens away from 
the descending creel just before contact. It was also shown that even after smothering, and in 
some cases uprooting, sea pens were able to re-establish and recover when in contact with 
suitable habitat. The study then looked at examples of crab and lobster pots being hauled at 
study sites both in Lyme Bay, South west England and Greenala Point, West Wales (Eno et al. in 
2001). Sites were chosen based on their availability of suitable habitat, minimal outside 
interferences from fishing and more likely stable weather conditions. The study focused habitats 
dominated by hard substrata, where both crab and lobster potting was prevalent and fragile 
epifaunal species were present. Observations of the slow growing, long lived, pink sea fan coral 
(Eunicella verrucosa) showed that this species, anchored to the sea bed, appeared to flex under 
the weight of pots as they passed over them and then returned to upright shortly after. A 
quantitative study was undertaken in each site where surveys were carried out along transect 
lines before and after a month of potting occurred in experimental plots. Data were collected 
on a number of species selected based on their fragility and slow growth rates; across a range of 
taxonomic classes. Results found that after 4 weeks of sufficient potting activity no detrimental 
effects on abundances of selected species were seen. This intensity of potting was extrapolated 
to equate to around 1,000,000 hauls per km
2 
per year. It was noted during this study that some 
individual ross coral colonies (Pentapora foliacea) showed signs of damage, a very fragile slow 
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growing epifaunal species previously considered important in the functioning of reef habitats 
(Patzold et al. 1987; MacDonald et al. 1996). It was concluded that there was no apparent 
immediate physical impact from potting on these species. Adey, 2007, described how sea pens 
Virgularia mirabilis and Pennatula phophorea had been caught in moderate quantities as part of 
interactions with the Nephrops norvegicus creel fishery in Scotland but these species are still 
found in great abundance in creeling areas in comparison to those areas that experienced 
greater fishing pressures from mobile commercial fishing gear. 
However, Troffe et al. 2005, found that heavy levels of potting demonstrated an impact on 
species such as the sea whip (Halipteris willemosi) which was found entangled in prawn pots, 
with 50% of the colony found to be damaged. Sea whips are gorgonian soft corals which share a 
similar biology to pink sea fans (Sherwood et al. 2005). Hall et al. 2008, also suggested that the 
impact of weights and anchors as well as the repeated hauling of gear and the rubbing effect of 
connecting pot ropes will damage epifaunal assemblages. 
In 2013, Coleman et al. looked at how a cessation of potting in a No-Take Zone (NTZ) could 
impact benthic assemblages around Lundy Island in the Bristol Channel. The islands’ NTZ was 
introduced in 2003 creating the UK’s first MPA at the time (Clarke 2008). It was noted that one of 
the important reasons for the implementation of this NTZ was the concern of the potential 
impact potting could have on Lundy’s sessile reefs assemblages. Coleman et al. (2013) looked at 
fished sites compared with protected sites and found no differences in the assemblages of the 
two. It was concluded that potting for crab and lobsters around Lundy had no discernible 
impacts. There are issues regarding potting intensity in this study as the measure of fishing 
effort used only one fishing year event. Coleman et al. (2013) suggested that the level of 
potting was ‘not substantive enough to be detectable upon cessation’. It was highlighted that 
applying a known standardised level of potting to the experiment would be more suitable in 
order to understand the levels of fishing pressures the areas faced. It was additionally noted 
that habitat was different between the fished sites and protected NTZ sites which could be a 
significant contributing factor to not detecting change (Coleman et al. 2013). The NTZ extends 
along the majority of the east coast of the island which meant that between the NTZ and 
control locations wave exposure, depth and benthic  habitat  differed. This  environmental 
heterogeneity  could  influence  assemblages and impact analysis interpretations when trying to 
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detect change. This study also lacked clear un-fished control treatments as the areas for which 
this study was carried out had prior exposure to potting activities.  
A concurrent study looked at experimentally altering the potting effort within two locations 
inside the NTZ which had not previously experienced potting pressures and two alternative 
locations which had experienced a cessation of potting for four years. Here, experimental 
potting applies to areas where experimental pots were used and set for 5 days in summer every 
year for four years. This was the equivalent to 2000 pots set and hauled per km2 per year. A 
comparison was made between these experimentally potted areas and those areas within the 
NTZ that had been subjected to a potting cessation. The study found no differences in 
assemblage change over time between the two treatments (Coleman et al. 2013). The low level 
of potting impacts highlighted in previous research would suggest that 5 days per year would not 
reach the intensities required to detect impacts. The sites that were classed as ‘previously 
fished’ had no evidence of historical potting. Therefore the presence and intensity of potting in 
these sites cannot be verified. 
Young, 2013, also looked at lobster potting but focussed on chalk reef communities in the 
Flamborough Head European Marine Site, North east England. Here, around 1 km2 of infralittoral 
coastline was perceived to have a high vulnerability to potting in relation to the potting effort 
this site was experiencing. Field surveys were undertaken using the Flamborough Head NTZ as a 
control site in comparison to open fishing areas to assess differences in community assemblages. 
Results suggest that potting may have had an impact on benthic conservation features due to 
seeing higher abundances of benthic epibiota inside the NTZ; mainly Mollusca, Hydrozoa and 
Rhodophyta. A larger percentage of bare substrate (7.2%) was found in the openly fished areas 
suggesting abrasive action from fishing activity which could be potentially removing sessile 
epibiota. However, a degree of uncertainty persists as adverse weather events occurring  in 
close temporal proximity to the study appear to scour the benthos of both fished sites and site 
within the NTZ, vastly reducing the epibiota now present (Young et al. 2013).  
Observations of cumulative potting impacts on epibiota (Sea fans, Ross coral) have been seen in 
the Skomer MNR, Wales. Photographic and video data from survey locations show that these 
species can disappear annually. While many of these organisms can die of old age and be 
dislodged during bad weather, observations also suggest pots interact with these species; 
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supporting similar observations highlighted earlier (Eno et al. 2001). Photographic data show sea 
fan entanglement in pot ropes and the voluntary no-anchoring policy suggests potting interacts 
with these sensitive species. Pink sea fans are made of tough skeletal coenenchyme that 
encases a colony of anemone like polyps (Anonymous 1999; Hall-Spencer 2007). This outer layer 
is softer and susceptible to lesions from damaging activities, perhaps repeated potting activity. 
These lesions are difficult to repair and necrosis of the tissue can set in, which can lead to 
mortality (Hall-Spencer 2007); this could be a cumulative impact of continuous activity. The 
Skomer MNR is currently experiencing an increase in potting effort across the reserve. This 
effort is not necessarily down to more boats fishing in the area but could be down to the 
endemic users of the reserve increasing their individual efforts. Pot limitations have been 
brought in and the reserve is currently monitored to quantify effort (Phil Newman pers. comm, 
Langmead In press). 
Scotland’s consultation of MPA management measures proposed minimal effort towards potting 
and creeling (as prawn creeling activity goes on in some areas). Potting has been highlighted as 
having potential biological and environmental impacts through localised high fishing effort and 
ghost fishing however the environmental impact was considered ‘minimal’. The Scottish MPA 
project on management stated ‘It is unlikely that any additional management of creeling and 
potting activities will be required….if static gear fishing intensity increased or monitoring 
showed evidence of detrimental effects, it may be necessary to apply limits in the future’ (Firth 
of Forth Banks Complex MPA Management Options Paper 2014). Despite this there are currently 
areas in Scotland where creeping is banned. 
Natural England assessed longer term potting impacts using video analysis. Video data were 
collected from the Berwickshire and North Northumberland Coast EMS from  2002 and again 
from 2011. Detailed analysis looked at assemblage composition changes, species diversity 
comparisons and alterations to ecologically important species over time. It was concluded that 
there was no detection of potting impacts against background variability between years 
(Stephenson et al. 2015). 
An interdisciplinary study is currently underway looking at the integration of fisheries and 
conservation management in particular relation to the Inshore Potting Agreement (IPA) managed 
fishery. This study aims to assess the immediate physical impact of potting, in an MPA, on the 
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benthos and to quantify the true footprint of potting (Gall In prep) 
These reviewed studies have provided some evidence regarding the negative impacts of potting 
however it should be highlighted that these observations were based on short term studies and 
that an evidence gap regarding the cumulative impacts of potting still persists. Although it was 
mainly concluded that potting has no impact, it is conceivable to assume that there may still  be 
gradual cumulative impacts from potting to sensitive organisms and habitats that may 
deteriorate over time as a result of repetitive interactions with potting gear over a longer 
temporal scale. 
The majority of studies stated that the experimental or field based conditions mirrored that of 
‘current levels of potting’. This metric of effort is highly site specific and particularly arbitrary. 
Quantification of effort has been considered by both scientific and the fishing community in a 
number of UK fisheries. The Inshore Potting Agreement (IPA), South Devon is managed fishery of 
470 km2. 15,000 pots are known to operate in this area and calculations suggest that if pots are 
hauled on average every 4 days then each area of the seabed would have direct interaction with 
a pot once every 335 years (Blyth et al. 2003). Other potted areas of the South Devon coast 
have been calculated to have interaction rates of around once every 125 years (Clark 2009). The 
National Federation of Fishermen's Organisations (NFFO) undertook studies of the Holderness 
coast on behalf of the fishing industry and found that in the North Eastern pot fisheries 
interaction rates were calculated to be between 30-60 years, assuming an average of 150 fishing 
days per year (a haul once every 2.43 days) (NFFO 2014). The FishMap Môn project run by 
Countryside Council for Wales (CCW) is based around Anglesey, Wales, and looks at fishing 
intensity. High potting was defined as 5 pots per day per hectare and daily hauls were assumed, 
at a hectare level 9% of the area would interact with potting (assuming pot footprint is 0.5 m2, 
the same figure used by Hall et al. 2008). These calculations are obviously extremely low but all 
assume a systematically potted fishery, which in practice simply isn’t true. These effort based 
studies focus on crustacean potting which is a habitat specific fishery. This means that only 
habitat suitable for the target organism in that fishery is targeted. For most UK crab and lobster 
species this tends to be mixed ground subtidal cobble and boulder reef (Jensen et al. 1994). 
This habitat is characteristically heterogeneously distributed around UK inshore waters (JNCC 
2016a). Potting effort is concentrated on these areas of suitable habitat so repeated interaction 
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rates with the same patch of seabed will be substantially higher. It is this concentration that 
could conceivably result in cumulative impacts and highlights the importance to understand 
potting intensity. 
Previous studies tend to be species specific and while demonstrating important findings, more 
evidence is needed regarding impact of different intensities of potting at the species and 
assemblage level. In addition, many  display a lack in the use of un-fished controls on which 
assumptions and results can be tested. In terms of fisheries impacts, some studies have looked 
at the impact of potting on fish fisheries but a significant evidence gap and a lack of 
understanding of the actual impacts of shellfish fisheries persists. 
1.2.4 Existing commercial potting management 
From reviewing the current available information there are very few examples of management 
commercial potting methods and effort, both globally and in the UK. Of the restrictions 
reviewed, effort management is based on a precautionary approach rather than evidence of 
detrimental impact. Activity is either permitted, effort controlled or restricted in MPAs or zoned 
management areas, and in some cases voluntarily enforced. A number of technical measures 
apply. 
International 
Many global examples of potting management relate to MPAs in coral reef habitat. The Great 
Barrier Reef, Australia, is a good example of zoned fishery management. ‘Crabbing’ is a big 
industry on this reef and is managed under the Marine Parks (Great Barrier Reef Coast) Zoning 
Plan 2004. This outlines that all commercial crabbers must have the relevant license and can on 
fishing in commercial crab fishery areas, often referred to a ‘green’ areas (Marine Parks Zoning 
Plan  2004). This measure is legally imposed and heavy fines are allocated to illegal activity. The 
Canadian prawn and shrimp trap fishery is managed under the Integrated Fisheries Management 
Plan. The fishery is licensed with high competition for only 250 commercial licenses and the 
fishery is managed by seasonal closures, in-season area closures, and gear limits (Prawn and 
Shrimp by Trap Integrated Fisheries Management Plan Summary 2015). The spiny lobster and blue 
crab fisheries of the Florida Keys, US, have prohibitions in place in certain areas during the 
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regular 8 month fishing season (South Atlantic Fishery Management Council 2017). The fishery is 
licensed and all gear has to be marked in the case of losing gear. Five lost pots are allowed and 
for every pot lost over this limit a fine is incurred to deter against ‘ghost fishing’, a 
phenomenon where gear is lost but continues to fish. The individual cannot continue fishing 
until the fine is paid. Closed potting areas are alternated to reduce impact and allow the 
collection of lost gear where possible. The Bay of Fundy, Canada, American lobster fishery is 
increasing annually and scientists hypothesised this could be due to a recent collapse in the 
local groundfish fishery. Potting effort has increased and many areas of the bay have capped 
effort in order to avoid impacting the lobster population (DFO 2015). 
A recent study from Sweden looks at adaptive management in its fishery for Nephrops, in 
response to changes in the CFP and the call for alignment of management with the MSFD to 
achieve coherence cross Europe (MSFD 2008/56/EC; Hornborg et al. 2017). The fishery plays 
host to three fisheries for Nephrops, of mixed trawling, directed trawling and creeling (potting). 
Due to the distribution of quota among these fisheries the trawl fleet currently puts more 
pressure on the seabed, however in order to comply with the MSFD majority quota is being 
directed to  the creel fishery on account of its decreased impact of bycatch mortality and 
impact on Nephrops recruitment (Hornborg et al. 2017). This industry potentially offers 
increased social benefits through direct and supply chain employment. However, the impacts of 
the substitution from trawls to creels, due to increased available quota, are unknown. The 
question has been put that more pots will increase the fisheries footprint and the impacts of 
this are unknown. It has also been highlighted that creeling catches a higher % of female 
Nephrops, and this sex targeted bias may have additional impacts for the fishery as a whole 
(Hornborg et al. 2017). 
UK 
The most established example of management of commercial potting activity in the UK is the 
Inshore Potting Agreement (IPA), South Devon. This is voluntary management system that was 
introduced by the local inshore fishers that used the area. Function since 1978, this system was 
brought in initially to reduce the conflict between static gear and towed gear fishing industries 
(Blyth et al. 2003). Since the modernisation of potting, more gear has been deployed in the area 
with the capabilities to be left in the water for longer periods of time, leading to this conflict. 
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Although still a voluntary measure the agreement is regarded as working successfully and its 
longevity is self-regulating (Blyth et al. 2003). The agreement includes areas that are 
exclusively for static gear, areas exclusively for towed gear, areas for seasonal static gear use 
and areas for seasonal towed gear use (Blyth et al. 2003). The agreement has been modified 
over the years but has remained fairly constant since 1993. The entire agreement now measures 
around 478 km2 with an exclusive static gear zone measuring 349 km2, in which 15000-20000 
pots are worked (Blyth et al. 2003). 
Commercial potting activity is also restricted in the Loch Creran SAC, Scotland, where it impacts 
serpulid worms. These worms are susceptible to damage from potting, so a fishery order was 
brought in to exclude the activity (Holt et al. 1998). The three current NTZs, Lundy (IUCN 2009), 
Flamborough Head and Lamlash Bay, by definition do not allow potting, or any other type of 
fishing, at all times of year. 
Northumberland IFCA have enforced a pot limitation byelaw on all commercial fishermen stating 
that within the district no more than 800 pots, creels, cages, shall be set (Turner et al. 2009). 
Sussex IFCA have capped potting effort at 100 pots per crew with an upper cap of 300 pots in 
total (SIFCA 2015), while a voluntary limit of 250 pots is set in the Lyme Bay MPA. Research has 
found correlation between vessel length and number of pots owned and number of pots hauled 
(Fisheries and Marine Resources Annual Report 2010). The maximum length of vessel permitted 
within 6 nautical mile jurisdiction has been capped in a number of IFCAs: (Eastern IFCA – 16 m, 
Southern IFCA – 12 m, Devon and Severn IFCA – 15.24 m, Kent and Essex IFCA – 17 m, Cornwall 
IFCA – 15.24 m). 
A similar management approach is present in the Outer Hebrides, Scotland, where commercial 
vessels up to 8 m can fish up to 700 pots and 12 m vessels up to 1400 pots (Pfeiffer 2003). 
Other IFCAs have put pot limit recommendations to consultation with the commercial fishing 
industry. As the issue of over potting becomes more widespread other areas are taking voluntary 
approaches to manage their inshore fisheries. The Isle of Man has introduced a pot limit of 300 
pots in the first 3 nautical miles of inshore waters, and 500 pots capped to waters between 3-12 
nautical miles; with a cap on total number of pots fished in Isle of Man waters which is currently 
set at 7500 (Kaiser et al. 2011). Jersey, Channel Islands, has set its upper total pot limit to 1500 
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(Pfeiffer 2003). 
Members of the Galway Bay Inshore Fisherman’s Association highlighted a need to bring in 
appropriate management measures for their seasonal shrimp fishery in order to maintain it as a 
reliable source of income. Members have capped pot limits at 700 shrimp pots per vessel to halt 
the trend of increasing gear (Burke 2015). Additional technical measures were also agreed upon. 
Strangford Lough Pot Fishery Management Plan outlines a permitting scheme for commercial 
potting where fishers will be limited to 150 pots each (Bannister 2009). 
Technical measures 
As EC Total Allowable Catches (TACs) and national quota restrictions do not apply to crab and 
lobster stocks, with the exception of fisheries for American lobster in offshore canyons, EC 
technical measures are the only other tool used in the management of these stocks. These 
technical measures typically only apply to UK boats fishing the inshore waters of 6 nautical 
miles. 
In the UK technical measures start with license requirements for commercial potting. Anyone 
fishing for shellfish on a commercial scale must have a registered vessel licensed for shellfish 
entitlement. The UK Restrictive Shellfish Licensing Scheme was introduced in 2004 in order to 
cap crab and lobster fishing. Licenses were granted to fishermen who had landed or sold more 
than 200 kg lobsters or 750 kg crabs during any 12 month consecutive period between 1st 
January 1998 and the 31st December 2002 (Bannister 2009). The scheme restricts the entry of 
new vessels into the scheme however licenses can be traded between fishermen. The scheme 
cannot currently control the number of vessels fishing below their current capacity and there is 
a risk of a large proportion of the licensed fleet increasing their individual effort to 
unsustainable levels (Bannister 2009). This is referring to the ‘latent capacity’ discussed 
previously. There is a need for more and stronger technical measures in the absence of further 
reductions in potting effort (Bannister 2009). 
Derivations of ‘escape gaps’ have been used in lobster pots for over 100 years, the practices of 
which are first highlighted in the literature by Templeman (1958). Initially escape gaps were 
utilised through increased spacing between the lateral pieces of wood that made up the lobster 
pot. However, modern escape gaps are now commonly plastic panels of differing shapes and 
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sizes, depending on the target species, mounted to the exterior wall of each pot with the aim of 
allowing smaller, usually juveniles, and non-target organisms to escape (Brown 1979; 1982; Miller 
1990; Bjordal 2002). A synthesis of the empirical evidence from American (Maynard et al. 1987) 
and European (Brown 1982; Murray et al. 2009) shellfish fisheries advocate the incorporation of 
escape gaps into management as a result of the benefits they have been seen to provide 
numerous species including the European, Homarus gammarus, and American, Homarus 
americanus, lobsters (Stasko 1975; Krouse 1978; Pecci et al. 1978; Fogarty and Borden 1980; 
Brown 1982; Lanteigne et al. 1995; Clark 2007; Murray et al. 2009), brown crab, Cancer pagurus 
(Brown 1982), blue crab, Portunus pelagicus, (Guillory et al. 2004; Boutson et al. 2009), spiny 
lobster, Panulirus spp.  (Everson et al. 1992; Frusher and Gibson 1998). 
The highlighted benefits of escape gaps include increased overall quality of landed organisms 
(Brown 1982) reduced injury and disease in undersize organisms caused by interaction with 
larger organisms and handling on deck (Templeman 1958), decreased potential for catching and 
selling of undersize lobsters (Templeman 1958), decreased bycatch and sorting time (Murray et 
al. 2009; Templeman 1958), an increase in yield due to the presence of more legal sized 
organisms (Brown 1982; Arana et al. 2011; Shelmerdine and White 2011), higher survival rates 
of juveniles benefitting from a reduction in the displacement to unfamiliar and unsuitable 
habitat during discarding (Templeman 1958), increased egg survivability of berried females 
(Groeneveld et al. 2005; Arana et al. 2011), a reduction in the impacts of ghost fishing (Arana et 
al. 2011) and overall reduced stress effect that occur during handling (DiNardo et al. 2002). 
However, escape gaps have no UK or EU wide legislative mandate and the decision for 
enforcement is left to local IFCA or responsible authority (Murray et al. 2009; Pantin et al. 
2015). In England this is managed by the IFCAs (Table 1.4 adapted from Pantin et al. 2015), there 
is no legislation in Wales or Scotland although many fishermen in the regions fit escape gaps 
voluntarily. 
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Table 1.4 IFCA districts where escape gaps are mandatory 
Minimum Conservation Reference Sizes (MCRS) are applied to many species targeted by pots and 
denote the minimum size at which is legal to land an animal (Defra 2015). They are particularly 
effective for those species which can be returned alive after being caught. UK MCRSs are set by 
the European Commission (EC), and can be altered by IFCA byelaws is necessary. Species specific 
MCRSs are discussed later. 
1.2.5 Changes in commercial potting effort (UK) 
The UK is currently seeing increases in potting activity in inshore waters (Mangi et al. 2011; 
Newman et al. 2012; Cefas 2014). The number of UK vessels that class pot and trap fishing as 
their main gear type has been exacerbated by the widespread use of mechanical haulers (Munro 
et al. 1987) and commercial pot associated landings have steadily increased over the past 25 
years (Fig. 1.4). The modernisation of the inshore fleet, extension of fisheries to offshore 
grounds, the introduction of the durable parlour pot and the greater number of pots being 
fished have all lead to this increase (Bannister 2009). Local examples of this have been seen 
around the UK (Bannister 2009) including in the northeast of England (Fig. 1.5) (Turner 2009; 
Cefas 2014) and in Skomer, Wales (Newman et al. 2012). 
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Authority                                       Escape gap legislation
Cornwall IFCA One 46 mm x 84 mm escape gap in pots with soft eyes
Devon and Severn IFCA One 46 mm x 84 mm escape gap in pots with soft eyes
Eastern IFCA One 46 mm x 80 mm escape gap in all pots
Isle of Man Department of Environment, Food 
& Agriculture
One 40 mm x 80 mm escape gap in lower section of 
all pots
Kent and Essex IFCA One 46 mm x 84 mm escape gap in all pots
North Eastern IFCA One 46 mm x 80 mm escape gap in all pots
North Western IFCA One 44 mm x 74 mm escape gap in all pots
Jersey Department of the Environment One escape gap - unspecified
Figure 1.4. Tonnes of brown crab (Cancer pagurus) landed into the UK by UK based vessels 
(1992-2014). Adapted from UK Sea Fisheries Statistics (MMO 2015)  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2011 after fishing pressure in the area increased through additional creel-fishing boats being 
attracted to the fishery (Marine Stewardship Council 2011). Heavy regulation, increased tax, 
increased economic costs, competition for space, competition with larger vessels, negative 
press and the requirement for reporting makes reinvestment, in particular the under 10m sector, 
an attractive one (Brown Crab Working Group report 2009). Unlike many other types of 
commercial fishing, crab and lobster potting is not currently under any management obligations 
to control effort. It is believed that this unrestricted fishery could see a dramatic increase in 
effort in terms of number of pots and number of vessels, before the impacts of current levels 
are fully understood. Evidence of such increases has been highlighted by the creation of the 
‘super’ under 10 m vessels (NFFO 2014). These vessels tend to be 9.5 m-10 m in length which 
land significantly more fish in both value and volume than  ‘traditional’ under 10 m vessels. In 
general 9.5m-10m vessels land more fish than the remainder inshore fleet combines (Nufta 
2015). These super under 10s fall under 10 m in length and so do not have to report their catch 
by law and are commonly referred to as ‘rule beaters’ by the industry (Gray et al. 2011). This is 
further justification for understanding the potential impacts of, and an increase in, commercial 
potting. If sustainable levels of potting are to be permitted within an MPA without compromising 
fisheries or biodiversity, then an assessments need to be made in order to determine what level 
of activity is sustainable. 
1.3 Case study: Lyme Bay 
Lyme Bay is a 2460 km2 area of English Channel coastline located off Devon and Dorset, South 
West England, extending from Portland Bill in the east to the westerly Start Point headland 
(Mangi et al. 2011); encompassing approximately 120 km of coastline and numerous fishing ports 
(Rees et al. 2010)(Fig. 1.6a). Part of the Jurassic Coast World Heritage Site, the area contains 
some important submerged geological features. The dynamic bathymetry of the bay hosts a 
mosaic of habitat including sandstone, mudstone and limestone reefs (Black 2007). These mixed 
ground reefs comprise of bedrock, stony and biogenic reef (Cork et al. 2008; Attrill et al. 2011; 
Ross 2011; Munro and Baldock, 2012); all of which fall under, Annex I reef habitat classification 
of the EU Habitats Directive (Black 2007; Rees et al. 2010). These reefs also fall under ‘subtidal 
bedrock reef’ and ’subtidal boulder and cobble reef in Defra’s revised approach generic sub- 
feature classification. The geomorphology of these reefs helps support a high level of marine 
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biodiversity by providing suitable habitat on which rich, complex reefs have developed (Black 
2007). Important species contributing to these reefs include the pink sea fan (Eunicella 
verrucosa), Ross coral (Pentapora foliacea) and dead man’s fingers (Alcyonium digitatum) (Black 
2007; Attrill et al. 2011). Many of these species are considered nationally and internationally 
rare and are listed for conservation under the Wildlife and Countryside Act 1981, the UK 
Biodiversity Action Plan 1995, and included in the IUCN Red List (Hirst and Attrill 2008; Rees et 
al. 2010; Mangi et al. 2011). 
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a)
Lyme Bay
Lyme Regis (fishing port)
Towed demersal fishing gear including otter trawls, beam trawls and scallop dredges have been 
used within south Devon inshore waters throughout the past 800 years (Fox 2001), where a 
prosperous fishing industry has developed. Approximately 25 over 10 metre trawlers and 
scallopers, 25 10 m and under trawlers and scallopers and 90 static gear (involved in netting, 
potting and whelk fishing) fishing vessels were working in Lyme Bay prior to a ban on mobile gear 
fishing (Andrews 2008). Potting has a long history in south west England in which brown crab has 
been the most dominant fishery (MMO 2015). Parlour pots, Inkwell pots, cuttlefish pots, and 
whelk pots are commonly used throughout the region. The Lyme Bay reefs are also popular areas 
for recreational sea angling, diving and other recreational uses (Stevens et al. 2007). 
 1.3.1 Current management 
  
Naturally, conflicts arose over exploitation of habitats by commercial fishing, particularly 
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b)
Figure 1.6. a) Lyme Bay 2460km
2 
area and underlying coastal bathymetry (Adapted from 
Mangi et al. 2011) b) Lyme Bay SI (MPA), ports and additional restrictions.
through bottom towed fishing (Rees et al. 2010). Scallop dredging is a lucrative industry within 
Lyme Bay, however, repetitive dredging has removed some of the sensitive reefs and degraded the 
local habitat forming geology (Devon Wildlife Trust 2007). Dive surveys undertaken in 1991, 1998 
and 2001 confirmed this by providing evidence that Lyme Bay reefs had been altered by bottom 
towed fishing activity (Devon Wildlife Trust 2007), and identified multiple areas in urgent need of 
protection (Rees et al. 2010). 
In response to these surveys, four bottom towed fishing closures, totalling 40 km2, were 
introduced during 2001-2006 in order to curtail bottom towed trawling and dredging activities 
(Attrill et al. 2012). The closures relied upon voluntary adherence, which had varying degrees of 
success. On 11th of July 2008 a ‘Statutory Instrument’ (SI) (a type of MPA) was legally 
implemented by the Department for Environment, Food and Rural affairs (Defra 2008), excluding 
all bottom towed fishing within a 206 km2 (60 nm2) area of Lyme Bay seabed, creating the largest 
ecosystem-based MPA within England at the time (Fig.1.6b). The MPA was introduced to ‘prohibit 
the use of certain damaging fishing practices that have a negative  impact  on  important 
biodiversity  in  Lyme  Bay’  (Defra  2008). Benthic protection increased in 2011 to protect 
offshore reef areas located between Portland Bill and Lyme Bay. These sites were designated a 
European candidate Special Area of Conservation (cSAC) under the Habitats Directive (92/43/
EEC), further extending the area closed to bottom towed fishing and assigning the encompassed 
marine area with EMS status (Fig.1.6b) (Rees et al. 2010; Natural England 2012). This statutory 
closure represented a major attempt on the south coast of the UK to implement an MPA as a 
suitable tool to protect marine life (Mangi et al. 2011). The Lyme Bay SI falls on the border 
between two managing IFCAs, Devon & Severn to the West and Southern IFCA to the east, often 
meaning management in each half of the SI can be different. Static forms of fishing have been 
permitted to continue within the SI and SAC, including potting, netting, rod and line fishing and 
hand-diving for scallops plus recreational fishing activities. Upon designation, the Lyme Bay MPA 
was considered an important test site for national and EU conservation legislation. 
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 1.3.2 Long term monitoring 
In order to assess the benthic recovery of the reef habitats in the Lyme Bay MPA a long-term 
monitoring project was developed by Plymouth University. Starting in 2008 this quantitative study 
aimed to determine if the Annex I reef habitats within the MPA showed any evidence of recovery 
in response to a cessation in predominantly scallop dredging and bottom towed fishing. This was 
measured through the quantification of sessile and sedentary benthic fauna from video data, and 
the identification of key indicator species that could be used as indicators of reef recovery. The 
study has been carried out annually (Summer) since 2008 and is currently entering into its 10th 
year of data collection. See Sheehan et al. (2010) and Attrill et al. (2011) for a detailed 
methodologies. 
The most recent published results (Sheehan et al. 2013a) show that a number of species, 
including key indictor species showed positive recovery within the newly closed areas in 
comparison to those areas that continues to remain open to bottom towed fishing (NOC, FOC) 
(Figure 1.7) . This was based on a relatively few number of years data collected post closure, and 
results were consistent with the MPA recovery literature (Sheehan et al. 2013a). However, 
recovery of many of the slow growing species operated on much longer timescales than this, 
highlighting the importance of continuing long-term data collection and the importance of the 
Lyme Bay MPA remaining in place (Sheehan et al. 2013a). It is clear from these results that this 
site is still recovering and the management of activities permitted continue within the Lyme Bay 
multi-use MPA should be continually monitored. 
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Figure 1.7. Taken from Sheehan et al. 2013a. Univariate diversity measures to assess benthic 
change. a) Relative abundance of taxa (mean m−2 ± SE) and b) Species richness (mean m−2 ± 
SE) over time. Filled triangles represent those areas protected from fishing, open shapes 
refer to currently fished areas. Over 4 years, richness and abundance increased within areas 
protected from fishing relative to areas that remain unprotected. 
1.3.2 Commercial potting increase 
The displacement of the bottom towed fishing community (Fig. 1.8), coupled with increases in 
abundances of the protected populations (Sheehan et al. 2013a), has resulted in a reinvestment 
of effort within the potting sector and potentially threatens the livelihoods of many local Lyme 
Bay fishermen (Clover et al. 2012).  
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(black dots, Fig. 1.6b), Beer Axmouth, Lyme Regis and West Bay. All of these ports are home to a 
number of active fishing vessels classed as commercial potting vessels, and that fish within the 
boundaries of the MPAs (MMO 2015). 
Value and weight of landings have both increased within the Lyme Bay area (Fig. 1.9), with 
number of trips (Fig. 1.10) into the Lyme Bay MPA significantly increasing (Mangi et al. 2011; 
Vanstaen and Breen 2014). 
 
Figure 1.9. Value and wet weight of all fish and shellfish landings from 2005-2009 by both a) 
static gear and b) bottom towed fishing from Lyme Bay. (Adapted from Mangi et al. 2011) 
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 Figure 1.10. Number of trips, based on landings data, using static gear either inside 
or outside the Lyme Bay MPA. (Adapted from Mangi et al. 2011) 
Concerns over increasing potting activities were raised by the local fishermen of Lyme Bay, 
particularly by those that are full time commercial pot fishermen. Impacts from commercial 
potting are conceivable, posing a risk of physical damage to many of the recovering Annex I 
reef-forming species found, and currently protected, in the Lyme Bay MPA. 
Natural England have advised that ‘removal of fish species from larger molluscs and crustaceans 
can have significant impact on the structure and functioning of benthic communities over and 
above the physical effects of fishing methods’. They concluded that biological disturbance from 
increased potting has elevated vulnerability of the Lyme Bay reefs to a ‘moderate to high’ level 
(Natural England 2013). Potting has been classified by Defra as posing an amber risk to the reef 
habitats within Lyme Bay (Defra 2014). 
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1.3.4 Blue Marine Foundation 
If Lyme Bay is to be considered a model multi-use MPA, demonstrating sustainable practices and 
management, then sufficient evidence has to be gathered and regulations have to be set. In 
2012 the Blue Marine Foundation developed a conservation proposal with the aims to achieve a 
‘win, win, win’ outcome. The Lyme Bay multi-use MPA has the capability to provide a win for 
fisheries management, a win for the local fishing community and a win for marine conservation 
(Blue Marine Foundation 2012). 
The Blue Marine Foundation is a UK registered charity founded by Charles Clover in 2010. With a 
focus on sustainability fishing practices and marine conservation, the charity has invested in 
multiple global initiatives. In 2011, they had helped create one of the largest MPAs in the world, 
the Chagos archipelago reserve in the Indian Ocean (Blue Marine Foundation 2014). They 
identified the work that had been progressing in Lyme Bay as a crucial step in the introduction 
of a network of successful inshore MPAs around Britain, if sustainability could be achieved. 
In order for the Blue Marine Foundation to achieve its desired ‘wins’, a ‘bottom-up’ approach 
was considered imperative. A key component in the approach has been the development of the 
Lyme Bay Working Group. This assembly includes all local fishermen from ports encompassed by 
the MPA (Beer, Axmouth, Lyme Regis, West Bay), local and national stakeholders, funding bodies 
and policy makers; importantly the local Inshore Fisheries and Conservation Authorities (IFCAs) 
and the Marine Management Organisation (MMO). 
The working group aims for Lyme Bay management to represent: 
1. Best practice in protecting biodiversity within a European Special Area for Conservation. 
2. Best practice in managing fish and shellfish stocks. 
3. Creating the maximum long-term benefits for coastal communities by adopting best practice. 
The group permits direct involvement between all stakeholders, such as local fishermen, IFCAs, 
MMO, Natural England, Environmental Defence Fund (EDF), during the management decision 
making processes. It is hoped that this involvement promotes ownership and understanding 
among the Lyme Bay fishing community resulting in a higher level of overall compliance to 
management measures. In return, fishermen who adopt best practice and demonstrate 
                                                                                 64
sustainable fishing methods should be rewarded. Increasing quality and sustainability of catch 
can elevate its marketability and value, providing direct economic rewards to the fishermen of 
Lyme Bay. Proposals to achieve this are continually being developed; however, ideas regarding 
evidence-based management, vessel monitoring systems and value added schemes can all 
increase marketability. 
In order to move forward with the approval of the Blue Marine Foundations proposal and to 
formalise discussions, a Memorandum of Understanding (MOU) was signed by all members of the 
Lyme Bay Working Group. This memorandum demonstrates that ‘all parties recognise the mutual 
benefit to be gained from working closely together in order to maximise the positive gains of 
their respective actions for the environment, commercial fisheries, local communities and the 
regional economy’. 
The MOU principles: 
1. The socio-economic and cultural importance of the fisheries within the area should be 
acknowledged and be central to fishery and conservation management which will aim to 
maximise the socio-economic benefit to local communities and secure their long term 
sustainability. 
2. Protected habitats and species will be afforded appropriate protection from disturbance 
and damage. We recognise that a diverse and healthy marine environment is of 
paramount importance and that the habitats and communities within the Lyme Bay, 
including the SAC, should be managed to secure their long-term protection. 
3. Best possible fishery management practices will be developed, promoted and adopted to 
secure the long term viability of target species populations. 
This MOU was an important step in improving collaboration between fishermen, conservation 
bodies, scientists and marine management bodies. 
The working group initially focussed on improving the management of the closed area in regard 
to the increasing effort in static gear fishing. It was quickly realised that to implement 
restrictions through statutory means would require a long consultation process without 
guaranteed success. It was decided that for the immediate future, voluntary measures should be 
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adopted and outlined within a Lyme Bay Commercial Fishermen’s Voluntary Code of Conduct. 
This code commits the local fishermen to adopt agreed measures in order to meet the principles 
of the MOU and reduce static gear pressures within the MPA and SAC. The code of conduct can 
be reviewed an altered annually if required. 
Code of Conduct: 
• Any registered fishing vessel wishing to fish within the Lyme Bay cSAC will voluntarily 
fit Inshore Vessel Monitoring Systems (iVMS). 
• All gear to be clearly marked. 
• Fishermen will not fish more than 250 crab/lobster pots. 
• Strings will not exceed a maximum of 10 pots in each. 
• Escape hatches will be fitted to all parlour pots and creels. 
• Voluntary V-notching (Tail mutilation in female lobsters undersize or carrying eggs 
(berried) will be carried out at the individual fisherman’s discretion. 
• Fishermen will not fish more than 500 whelk pots. 
• Strings of whelk pots will not exceed a maximum of 30 in each. 
• Vessel will not fish a total net length of more than 4000 yards. 
• Individual nets will not exceed 600 yards. 
This voluntary code is an attempt to reduce the immediate impact of static gear, namely 
potting.  
To develop a sustainable and well managed inshore pot fishery within Lyme Bay, management of 
commercial potting activities is required. Due to the lack of appropriate evidence on the impacts of 
potting, a pioneering management-based project was developed. It was funded by the Blue 
Marine Foundation and designed with direct input from fishermen. 
1.3.5 Study purpose 
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The purpose of this PhD research was to gather evidence on the ecological impacts of potting. 
An experimental potting study was developed where a gradient of manipulated potting densities 
were controlled within experimental units designated within the Lyme Bay MPA. Lyme Bay, 
England, provided a suitable site for to assess the ecological impacts of potting. The 2008 MPA 
was implemented to protect and recover the reefs from bottom towed fishing. Potting is a 
prolific fishing industry permitted to continue inside the Lyme Bay MPA, making the Lyme Bay 
MPA a good, representative study site. This PhD uses data collected from the experimental 
potting project to assess an increase in potting density on the benthic sessile species and 
assemblages, mobile species and assemblages, populations of commercial species targeted by 
potting and data to evaluate the potential for spillover from areas protected from potting. If 
required, the outcomes of this project could underpin any evidence-based management 
recommendations for legal regulation. 
1.3.6 Outline of study methodology 
Static gear fishermen from local ports (Beer, Axmouth, Lyme Regis, West Bay) helped designate 
sets of four different experimental potting treatment units, ‘Control’ (no potting) units, ‘Low 
potting’ density units, ‘Medium potting’ density units and ‘High potting’ density units. Each set 
of four experimental treatment areas were introduced for each port, totalling in 16 areas across 
the MPA (Fig. 1.11). This created a gradient of potting density representative of different levels 
of commercial potting effort. 
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Figure 1.11. Distribution of experimental potting density units throughout the Lyme Bay 
MPA. SI and SAC boundaries included for reference 
Experimental potting treatment units  (Fig. 1.11) consisted of the following densities: 
    Control (no potting) - 0 pots per 500 x 500 m 
    Low potting - 5-10 pots per 500 x 500 m 
    Medium potting - 15-25 pots 500 x 500 m 
    High potting - 30 pots and higher pots per 500 x 500 m 
The High potting treatments denote a level of potting that is substantially higher than the 
present level of potting and is considered here as close to maximum effort possible for the 
defined treatment area. This is to replicate the effects of an increase in potting effort. Current 
levels of potting effort for Lyme Bay is characterised by the Medium density treatments. Low 
potting densities are considered to replicate potting levels similar to those pre closure, thus 
before an increase in potting was seen. The scale and duration of this experiment makes it 
novel, yet the direct collaboration between scientists and fishermen is considered particularly 
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poignant. More details on this methodology are supplied in Chapter 2. 
1.3.7 Study aims 
The requirement for the UK to achieve GES under the MSFD, to manage fishing activities that 
compromise integrity and conservation objectives of a protected site, plus the requirement for 
Amber risks to be assessed and managed in EMSs where conservation of features and sub 
features is doubtful due to their sensitivity to fishing, means that ecosystems have to be 
quantitively assessed in response to these fishing activities. The experimental potting project 
exposes reef habitat to different potting regimes and quantitatively measure responses over 
multiple years in order to meet the projects’ aim of assessing the ecological effects of 
increasing potting density in the Lyme Bay MPA. 
The study replicated current levels of potting intensity, as well as introducing an elevated level 
of potting intensity to simulate increasing potting effort. Areas where potting was removed to 
simulate a ‘no potting’ treatment were incorporated into the studies design as un-fished 
controls to be able to measure any changes against, as well to as assess the potential local 
spillover benefits no potting areas may induce in surrounding areas. 
In order to test the efficacy of the Lyme Bay multi-use MPA, ecological changes in response to 
increases in potting effort at an ecosystem level need to be considered, in order to inform 
management. If dual benefits are to be achieved then the MPA has to benefit both the ecosystem 
and fisheries. The experimental potting project therefore assesses potting impacts on both of 
these management strategies, collecting multiple data to answer different hypothesis driven 
questions that set out to inform both strategies and better understand the impacts of potting. 
The following chapters collect data from the experimental areas outlined as part of the potting 
project. Data collection methodologies differ for the hypotheses tested, details of which are 
outlined within individual chapters. 
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1.4 Thesis structure 
Ecosystem management objectives: 
Chapter 2: Ecosystems (Part A) 
Assessing the impacts of increasing potting density on sessile and sedentary reef species 
and assemblages 
This chapter assesses the ecosystem impact of four different potting intensities on benthic 
organisms recorded using a towed video flying array with a focus on sessile and sedentary reef 
species and assemblages. 
Chapter 3: Ecosystems (Part B) 
Assessing the impacts of increasing potting density on benthic macro-mobile species and 
assemblages 
This chapter assesses the ecosystem impact of four different potting intensities on the benthic 
macro-mobile species and assemblages. 
Fisheries management objectives: 
Chapter 4: Fisheries (Part A) 
Assessing the impacts of increasing potting density on target fishery species and 
associated bycatch 
This chapter assesses the fisheries impacts of increasing potting densities on commercial species 
targeted by potting, with a particular focus on brown crab (Cancer pagurus, Linnaeus 1758) and 
European lobster (Homarus gammarus, Linnaeus 1758). A quantitative potting methodology is 
used to assess the changes in abundance over time of the target species and associated bycatch. 
The aim was to ascertain a density of potting that does not negatively impact target and 
bycatch species, but permits commercial potting to continue within an MPA. 
Chapter 5: Fisheries Part B 
Potential spillover benefits to fisheries of ‘No potting’ areas  
This chapter assesses whether no potting positively affects target species and causes a ‘spillover’ 
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effect in surrounding areas, where target species could be fished. Similar to Chapter Four, 
abundance and morphometry of target species are assessed through experimental potting in No 
potting, Current potting (Medium experimental potting treatment) and Spillover areas. The 
results can be used to inform fisheries management on the efficacy of areas of no potting within 
a multi-use MPA. 
Synthesis: 
Chapter 6: Synthesis 
This chapter provides a synthesis of all thesis chapters and an overall general discussion of the 
results from each. Results are discussed in an ecological context, with potential implications for 
management. 
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Chapter Two: Ecosystems (Part A) 
Assessing the impacts of increasing potting density on sessile and sedentary reef 
species and assemblages 
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This chapter assesses the impact of four different potting intensities on benthic organisms 
recorded using a towed video flying array with a focus on sessile and sedentary reef species and 
assemblages.  
2.1 Introduction 
Ecosystem-based management recognises the need to protect marine environments at the 
ecosystem level, removing unsustainable and damaging activities which threaten habitat and 
species integrity (Pikitch et al. 2004), i.e. the capacity for ecosystems to provide goods and 
services (Karr and Dudley 1981). Functioning benthic systems play an important role in 
maintaining ecological integrity (Tett et al. 2013). They have been shown to influence trophic 
structure and support food web diversity (Beck et al. 2001; Gibb et al. 2007), increase 
productivity (Auster et al. 1997; Laurel et al. 2009), provide essential habitat and resources 
(Bradshaw et al. 2003), promote nutrient cycling (Beaumont 2009), and enhance recruitment 
(Bradshaw et al. 2003). 
Marine reefs typically characterised by cobbles, boulders and hard substrata, are essential in 
promoting, maintaining and increasing local biodiversity, particularly when protected (Collie et 
al. 1997). Biogenic reefs can dominate these hard substrata habitats, thereby increasing local 
habitat complexity which provides habitat and protection for associated benthic organisms 
(Bradshaw et al. 2003; Johnson et al. 2003; Kelaher 2003). Habitat complexity here refers to the 
areal presence and number of physically complex structural sessile species that increase the 
diversity of habitat types and ecological microhabitats, which in turn has the ability to increase 
niche size and the abundance and/or diversity of directly associated species. Biogenic reef 
habitats also affect and enhance diversity at higher trophic levels (Auster et al. 1997; Jonsson et 
al. 2001; Bradshaw et al. 2003; Halpern 2003) and this biodiversity can often be important for 
local fisheries (Kritzer et al. 2016) Examples of this include biogenic and rocky reef habitats, 
which are important in the maintenance of commercial fish and shellfish fisheries (Bradshaw et 
al. 2003). 
Anthropogenic activities can negatively impact benthic reef habitats in a number of ways. 
Climate related changes to environmental parameters, marine debris, seabed mining and 
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aggregate dredging (Bolam and Rees 2006; Lotze et  al. 2006; Halpern et al. 2008) can have 
direct and indirect impacts on benthic reef habitats. In particular, certain commercial fishing 
activities, that exploit the high productivity and biodiversity, have been shown to have direct 
negative impacts on benthic reef habitats (Jennings and Kaiser 1998; Hall-Spencer and Moore 
2000; Thrush and Dayton 2002). Structure building, biogenic reef organisms are often 
characterised by species, which are k-selective (Hall 1999), i.e. long lived, slow growing and 
resource dependant, and which can be vulnerable to commercial fishing (Jennings and Kaiser 
1998; Hall 1999). 
The negative impacts of destructive bottom towed fishing on benthic habitats have been well 
documented (de Groot and Lindeboom 1994; Hall 1999; Hall-Spencer et al. 2002; Hiddink et al. 
2006; Hinz et al. 2009), including in Lyme Bay, England (Sheehan et al. 2013b). In light of this 
evidence, bottom towed fishing management measures, including MPAs, have been introduced to 
protect sensitive habitats. 
Marine Protected Areas (MPAs) apply an ecosystem-based approach to the management of the 
mentioned impacts, including fishing. To date, the UK has introduced 275 MPAs which 
cumulatively cover 16% of its regional waters, excluding overseas territories (OSTs) (JNCC 2014). 
Statutory MPAs, including European Marine Sites (EMSs) comprising Special Protection Areas 
(SPAs) and Special Areas of Conservation (SACs), and MCZs contribute to the UK’s MPA network. 
2.1.2 UK MPA management 
There is no presumption that any activities will be restricted within MPAs, but if features are 
under threat some or all of the disturbing activities will need to be regulated (Defra 2013a). 
MPAs which permit certain activities, but manage or exclude others, are considered as Partially 
Protected Areas (PPAs) or multi-use MPAs (Denny and Babcock 2004), and are increasingly being 
used to implement the ecosystem-based approach. It is therefore imperative to ascertain which 
activities, and at what levels, are compatible with MPAs. 
In the case of commercial fishing, the UK MPA network consists of many multi-use MPAs that 
manage different fishing activities in different ways. Bottom towed fishing has been excluded 
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from a number of UK MPAs. While the damaging activity of bottom towed fishing is managed, it is 
important to understand the impacts of all commercial fishing activities permitted to continue 
within MPA boundaries, in the light of ecosystem-based approaches to conservation management. 
2.1.3 Commercial potting 
Potting is a static gear commercial fishing method that involves the deployment of pots to the 
seabed in order to capture target species, with different pots developed to target different 
species (Nédélec and Prado 1990). In contrast to bottom towed fishing, potting is considered as a 
‘passive’ method of commercial fishing (Von Brandt 1984). The commercial shellfish sector is the 
UK’s second largest fishing sector in respect to landings, averaging around 35% of all UK landings. 
40% of the total quantity of shellfish, and 50% of the total value of shellfish, landed in the UK in 
2014, was caught using pot fishing methods. 
Pots are heavily weighted to maintain their position on the seabed, often for long periods of 
time. Physical damage to benthic species can therefore occur both through direct contact and 
abrasion/scour from movement of gear during periods of adverse weather and spring tidal cycles 
(Eno et al. 2001; Lewis et al. 2009; Gall In press). Damage is likely to occur during the setting 
and hauling of pots, as well as from any associated movement of ground lines and anchors 
(Hartnoll 1998; Eno et al. 2001; Hall et al. 2008). Potting could therefore potentially cause 
damage to sensitive benthic reef habitats and species, some of which may be protected or be in 
need of protection in many UK inshore areas.Evidence on the ecological impacts that potting has 
on benthic reef habitats is scarce. It is important to understand these impacts and those of all 
commercial fishing activities, especially when managing these activities within MPAs. 
2.1.4 Current potting impact evidence 
From the limited number of empirical studies which have assessed the direct physical impacts of 
potting, conflicting responses have been detected. While seafans (Eunicella verrucosa) struck by 
pots can return to their upright position (Eno et al. 2001), the sea whip (Halipteris willemosi), 
gorgonian soft corals which share a similar biology to pink sea fans (Sherwood et al. 2005), was 
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found entangled in prawn pots, with 50% of the colony found to be damaged (Troffe et al. 2005). 
Eno et al. (2001) also noted that some individual Ross coral colonies (Pentapora foliacea), a 
fragile slow-growing benthic reef bryozoan, were seen to be damaged by pots. While Coleman et 
al. (2013) concluded that there were no discernible impacts of potting on benthic reef 
associated crab and lobster populations in Lundy Island, UK. 
These studies have provided some evidence regarding the impacts of potting; however, 
conclusions were based on short term research. Evidence of the longer-term impacts of potting, 
and of a known effort of potting, is still is required. Studies also displayed a lack of un-fished 
controls, considered necessary as part of ecological impact design, against which assumptions 
and results can be tested (Underwood 1992, 1994, 1997). 
2.1.5 Changes in commercial potting effort 
Many facets of commercial potting remain unregulated, leading to an increase in effort in some 
areas of the UK’s inshore waters. Increases in potting activity are attributable to modernisation, 
the introduction of more durable parlour pots and a greater number of pots being fished (Lyme 
Bay  - Mangi et al. 2011; Cefas 2014; Skomer, Wales - Newman et al. 2012; Northeast England - 
Turner et al. 2009; Cefas 2014). The availability of inshore fishing grounds suited to potting has 
also increased as a result of the exclusion of bottom towed fishing from MPAs (Mangi et al. 2011). 
Displacement of bottom towed fishing activity, leading to the potential reallocation of time, 
money and effort into the potting sector, is of real concern (Brown Crab Working Group report 
2009; Mangi et al. 2011). Despite these increases, some effort-related aspects (No. of pots, size 
of pots, density of pots, allowable days spent at sea) remain unrestricted. Commercial potting 
could see a dramatic increase in effort before the impacts of current levels are fully understood. 
2.1.6 Lyme Bay 
Commercial potting is a growing industry, that is largely unregulated, and increasing within MPAs, 
typically on habitats and species that are protected. It is important to understand the impact of 
potting on target species and the whole ecosystems to inform management.  
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Increased potting in response to a ban on bottom towed fishing started in Lyme Bay in 2008 
(Mangi et al. 2011). In Lyme Bay, located on the South coast of England, bottom towed fishing 
was excluded from a 206 km2 area to protect sensitive benthic reef degraded by bottom towed 
fishing. A towed flying video array method was developed to monitor the benthic recovery in 
Lyme Bay (Sheehan et al. 2010). Towed underwater video is considered a cost effective and 
efficient method, increasingly being used in ecosystem assessments of marine environments, 
particularly for large sample areas (Norris et al. 1997; Stevens and Connolly 2004;  Sarradin et 
al. 2007; Sheehan et al. 2010, 2016; Mallet and Pelletier 2014). Significant increases in the 
abundance and diversity of some reef epifauna were seen in Lyme Bay after 2008, providing 
evidence of ecological recovery (Sheehan et al. 2013a). Reef species including the pink sea fan 
(Eunicella verrucosa), Ross coral (Pentapora foliacea) and the white sea squirt (Phallusia 
mammillata) all increased in areas protected from bottom towed fishing from 2008 to 2013 
(Sheehan et al. 2013a; Sheehan, E. V. 2017 Unpublished data). 
2.1.7 The experimental potting study 
Potting has a long history in south west England, where brown crab is consistently the most 
dominant fishery (MMO 2015). Shellfish pots (Parlour/Inkwell pots) cuttlefish pots, and whelk 
pots are typically used in Lyme Bay. The recovering species shown by Sheehan et al. (2013a) 
increased while commercial potting was permitted to continue within the protected area. This 
led to concerns over an increase in potting and the potential impact of potting on recovering 
benthic reef habitat. 
In order to assess the ecological impacts of potting, an experimental potting study was 
developed. In 2013, four different potting densities (Control, Low potting, Medium potting, High 
potting) were manipulated in experimental treatments within the Lyme Bay MPA, creating a 
gradient of potting effort. Using static gear fishermen from each port inside the Lyme protected 
area (Beer, Axmouth, Lyme Regis, West Bay), these experimental areas were developed. Medium 
potting densities represent current potting levels, while High potting densities represent 
elevated potting effort and Low potting densities represent lower potting effort than current 
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levels. Control treatments were treatments where all potting was removed to simulate ‘No 
potting’, incorporated into the study’s design as controls suitable to measure changes against.  
During the winter before this study (2013/2014) the southwest UK sustained unprecedented 
extreme weather. As a result, the Lyme Bay protected area is recovering from these weather 
events (Sheehan, E. V. 2017 [Post storm temperate reef recovery] Unpublished data). Here, the 
effect of different potting densities on the recovering MPA is therefore assessed. Changes to 
sessile and sedentary benthic reef species and assemblages exposed to the different potting 
density manipulations are quantified. 
In order to assess the impacts of potting on the recovering MPA, the following response variables 
were compared between Treatments (Control, Low, Medium, High) and Years (2014, 2015, 2016); 
total abundance, species richness (total number of taxa), assemblage composition and total and 
individual mean abundances of Indicator species (predefined by Jackson et al. 2008). These 
analyses were repeated for both Transect and Frame grab data collection methods, extracted 
from towed video analysis. An additional response variable of Functional groups (Mobile species, 
Sessile species) was tested between Treatments and Years for the Transect data only.  
It is expected that as potting density increases, the recovery rate of the response variables will 
decrease (Fig. 2.1). The following hypothesis was tested for the response variables: 
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                    H1 = Control > Low > Medium > High 
2.2 Methods 
2.2.1 Study site 
The study was located in Lyme Bay and ran from 2014 until 2016. Lyme Bay is a 2460 km2 area of 
English Channel coastline located off Devon and Dorset, South West England (Fig. 2.2). Lyme Bay 
hosts a mosaic of habitats including sandstone, mudstone and limestone reefs (Black 2007). 
These mixed ground reefs comprise of bedrock, stony and biogenic reef (Cork et al. 2008; Attrill 
et al. 2011; Ross 2011; Munro and Baldock 2012); all of which fall under Annex I reef habitat 
classification of the EU Habitats Directive (Black 2007; Rees et al. 2010). Benthic reefs were 
protected in 2008 by a ‘Statutory Instrument’ (SI), legally implemented by Defra,  excluding all 
bottom towed fishing within a 206 km2 (60 nm2) area of Lyme Bay to protect and recover 
sensitive reef habitats (Defra 2008). The protected area has shown signs of recovery by a number 
of different benthic reef species (Sheehan et al. 2013a, b), and continues to recover in the 
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Figure 2.1 Hypothesis (H1 ) for response variables for sessile and sedentary reef species and 
assemblages  in the experimental potting study
presence of commercial potting. Commercial potting has been seen to increase within the 
protected Lyme Bay area and so Lyme Bay was used as a test site for assessing the impacts of 
increasing potting density on the recovering benthic reef species and assemblages.  
2.2.2 Study design  
Four fishing ports fall within the boundaries of the Lyme Bay MPA: Beer, Axmouth, Lyme Regis and 
West Bay (Fig. 2.2). All of these ports are home to a number of active fishing vessels classed as 
commercial potting vessels, which fish inside the MPA (MMO 2015). Fishers from each port were 
responsible for creating and maintaining 4 x 500 x 500 m experimental units comprising 4 
different densities of pots (‘No pots’ (control) = 0 pots, ‘Low’ = 5 - 10 pots, ‘Medium’ = 15-25 
pots, ‘High’ = 30 pots). Potting levels were achieved by providing sets of 30 experimental pots 
were assigned to each port to supplement density manipulation (Fig. 2.2). Densities were 
maintained for three years. 
Figure 2.2 Schematic showing example of an experimental parlour pot used in 
the experimental potting study (1 = ‘mouth’, 2 = ‘parlour’, 3 = sorting hatch), 
plus dimensions. 
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Pots were industry standard measuring 28 inches x 21 inches x 15 inches, with a mesh (net) size 
of 40 mm and 10 inch entrances or ‘mouths’. All pots were also fitted with escape gaps of 84 mm 
wide by 46 mm high and 100 mm long to meet Devon and Severn IFCA technical permit 
requirements for commercial potting (D&SIFCA 2011). 
All experimental units were located on mixed ground or rocky reef substrata between depths of 
25 m – 31 m. Presence of correct habitat was validated using video data collected by Sheehan et 
al. 2013a. Pots were serviced at ‘normal’ levels by the local fishers, meaning that pots were 
hauled, sorted  and deployed concurrently with each fishing trip undertaken by each fisher to 
replicate commercial potting activity. Control treatments were marked with four yellow buoys 
(one at each corner) to notify fishers and encourage compliance. 
2.2.3 Towed video flying array data collection  
A towed video flying array was used to record benthic transects in each of the experimental 
units in Lyme Bay (Sheehan et al. 2010, 2016). This non-destructive and cost effective high 
definition (HD) video sampling technique has been employed to assess benthic habitats in Lyme 
Bay since 2008 (Sheehan et al. 2010; 2016). The array was towed behind a fishing boat (Miss 
Pattie, a 10 m trawler) at a speed of around 0.3 knots (Fig. 2.3 a, b). The system includes a High 
Definition camera (Surveyor-HD-J12 colour zoom titanium, 720p), three LED  lights (Bowtech 
Products limited, LED-1600-13), two green laser pointers (Z-bolt Scuba-1) and a mini CTD profiler 
(Valeport Ltd). The ‘umbilical’ power and signal supply was connected to the survey vessel into a 
Bowtech System power supply/control unit, allowing control of light intensity and camera focus, 
zoom and aperture. The camera is positioned at an oblique angle to the seabed to maximise field 
of view of the seabed (Fig. 2.3a,b). Three lights were fixed to the frame providing improved 
image definition and colour. The two lasers were positioned parallel to each other, 30 cm apart, 
forming a ‘gate’ that was used to measure and count epibiota. As the array varies its height 
during sampling, this gate helps quantify transect area (Sheehan et al. 2013a, Steven et al. 
2014). Towed video data allow the confident identification and quantification of benthic reef 
organisms. 
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longitudinal coordinate seconds; however, in some instances these locations were altered in 
response to tidal activity and in order to avoid obstacles imposed by existing fishing gear. From 
each tow, four 50 m replicate transects (sites) were randomly selected, separated by a minimum 
of 100 m to avoid pseudoreplication and ensure independent data  (Underwood 1997). 50 m 
transect lines were recorded using HYPACK ® 2013 software, ensuring duplication through 
overlapping of transects did not occur. GPS start and stop locations were also manually recorded 
for each tow. 
  Figure 2.4 Locations of towed video sites within experimental treatment units 
2.2.4 Towed video analysis  
HD video was used to identify and quantify all benthic reef organisms with a focus on sessile and 
sedentary reef species. Video data analyses were conducted twice, using two methodologies to 
quantify different organisms. Data analysis was broken down into Transect and Frame grab data. 
Transect data quantified large benthic organisms, infrequent mobile species and conspicuous 
sessile and sedentary species. Frame data quantified smaller and inconspicuous benthic 
organisms including encrusting species. All analysis was conducted blind with location and 
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Control area
treatment data removed to ensure no bias was introduced. 
2.2.4.1 Transect data 
Each video transect was viewed at normal speed and infrequent mobile species and conspicuous 
sessile and sedentary species that passed through the ‘gate’ were counted (full list of species 
see Appendix table B9) (Fig. 2.5). All species were identified down to the lowest taxonomic level 
possible. Some taxonomically similar or hard to distinguish species could not be identified down 
to species. Any unidentifiable fish species were just recorded as ‘Fish’. All Ophiuroidea species 
were classed under the class Ophiuroidea. Branching sponges that could not be identified to 
species were given the name ‘branching sponge’, and then assigned a number under which 
similar looking branching sponges could be classed e.g. ‘Branching Sponge 1’. Any new branching 
sponges that appeared distinctly different to existing branching sponge classification were 
assigned the next consecutive available number and their morphological characteristics 
recorded. The position of the lasers in the field of view was recorded and combined with the 
start and end GPS points of each 50 m tow. Laser ‘gate’ ensured transect area was kept 
consistent and allowed abundances and diversity of species to be expressed as densities   per 
each square metre (individuals m-2, No. of species m-2). 
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Figure 2.5 Screenshot from Transect video showing laser ‘gate’ and conspicuous 
sessile species 
2.2.4.2 Frame grab data 
From each video transect 10 frame grabs (screenshots) were extracted, in order to quantify 
abundances for inconspicuous benthic organisms including encrusting, colonial and discrete 
sessile and sedentary benthic reef species. Transects were first divided into frames extracted at 
five second intervals (using Cybertronix frame extractor) and a digital 0.25 m2 quadrat was 
overlaid (Fig. 2.6). If frame grab images were not focussed, did not show > 50 % hard substratum 
(cobble, boulders or rock), excluded gate lasers, overlapped with previous frames or if the 
benthos was obscured by larger species, then they were removed (Attrill et al. 2011). These 
criteria ensured selected frame grabs would be suitable. A subsample of 10 frames was 
considered a suitable number of sample units from 50 m of video, based on Sheehan et al. (2010, 
2013) methodology where 30 frames per 200 m were subsampled, ensuring a level of 
quantification that was representative of all frames was obtained. This methodology was 
adapted from Sheehan et al. (2010). 
 
Figure 2.6. Example of Frame grab, with digital 0.25 m2 overlay and percentage cover dots 
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Using the selected frames, all species in each frame grab were identified to the lowest 
taxonomic rank possible and quantified (See Appendix table B10). A scaling factor dependant on 
laser position was calculated, and abundances were expressed as densities (individuals m-2) 
(Sheehan et al. 2010). Cover-forming colonial taxa were quantified as percentage cover. The 
quadrat overlay comprised of 16 equidistant dots applied to each frame. Dividing the number of 
dots that visually fall over encrusting taxon by the total number of dots provided a percentage 
cover (Fig. 2.6) (Sheehan et al. 2013a, Steven et al. 2014). Again, species that could not be 
identified down to species level were identified to the next lowest taxonomic rank with 
appropriate confidence. Indistinguishable species from the bryozoan genus of Bugula were 
grouped as Bugula spp.; the tunicate genus of Didemnum were grouped as Didemnum spp.; the 
Porifera genus of Haliclona was grouped as Haliclona spp.; Spider crabs Inachus spp. and 
Macropodia spp. were only identified to genus; All goby species were identified under Goby spp. 
family; Crab species that could not be identified were grouped under ‘Unidentified crab’; 
Hydroid species that could not be identified were grouped under ‘Unidentified hydroids’; 
Anemone species that could not be identified were grouped under ‘Unidentified anemones’ and 
hydroids and algae that were present but considered under 1 cm in height were recorded as 
‘Turf’, and quantified as a percentage cover. 
Taxonomically similar species which could not be confidently identified from each other were 
assigned descriptive names and then ultimately grouped. This occurred for ‘branching’ and 
‘massive’ sponges, which could not be identified to species but were given the name ‘branching 
sponge’ or ‘massive sponge’ and then assigned a number under which similar looking branching 
sponges could be classed, e.g. ‘Branching Sponge 1’, ‘Massive sponge 2’. Any new sponges that 
appeared distinctly different to any existing sponge classification were assigned the next 
available consecutive number in their morphological category. 
Some of the selected key indicator species did not have suitable abundances for univariate 
analysis and were grouped with functionally similar species. For Actinothoe sphyrodeta (Gosse, 
1858) abundance was low (N=3) and so grouped anemones were analysed, Cliona celata (Grant, 
1826) was present but more abundant in its massive form, and so was grouped with other 
massive but unbranching sponges including Tethya aurantium (Pallas, 1766) as grouped massive 
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sponges, and hydroids were also grouped. 
2.2.5 Functional groups  
For transect data, subsets of species were analysed depending on their functional group. A 
mobile species (including sedentary) subset was analysed separately to a sessile subset. For a full 
list of species groupings see Appendix table B9. 
2.2.6. Indicator species 
An indicator species subset was analysed to provide further insight into potting impacts on 
benthic reef organisms. A predetermined indicator species list had been developed for the Lyme 
Bay monitoring project (Jackson et al. 2008; Langmead et al. 2010), where representative long 
lived and slow growing sessile and mobile taxa were selected. These species were also 
considered to represent a range of life histories and recoverability, in response to fishing 
disturbance (Jackson et al. 2008; Langmead et al. 2010). Existing information on the responses 
of some of the reef species, present in Lyme Bay, to disturbance is available (Biological Traits 
Information Catalogue - BIOTIC). The underpinning traits that might control species responses  to 
disturbance were incorporated into a biological traits analysis. This analysis classed taxa into 
ecological groups that represent the expected responses of those species to fishing disturbance. 
This led to the selection of a representative subset of indicator species (Jackson et al. 2008). 
‘Recoverability’ for each taxa was assessed using the traits; Survivability, Reproduction and 
Repopulation. Survivor ability is defined as ‘how likely an individual from the species is to survive 
an event of physical disturbance’, Reproduction ‘a measurement of how quickly dwindling 
populations will be able to re-establish themselves in the wild’ and Repopulation ‘a 
measurement of to what spatial extent a species will be able to recolonise new areas and the 
ability of geographically distinct populations to mix’. Scores for these traits were then analysed 
and combined, giving a Recoverability score (Jackson et al. 2008). 
This indicator species list has been adapted and adopted for this study, modified based on 
presence/absence of the indicator species present in both Transect and Frame grab analyses 
(Table 2.1).  
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Transect 
For Transect analysis five sessile indicator species were selected including grouped branching 
sponges. Although there was no suitable trait information, branching sponges are still considered 
to be susceptible to physical disturbance (Table 2.1) (Eno et al. 2001; Gall et al. In press).  
Frame grab 
Seven sessile species were selected as indicator species for the frames analysis. All selected 
indicator species are sessile species, from four different phyla (Table 2.1). 
Table 2.1. Selected indicator species for Transect and Frame grab analyses and associated 
life history and recoverability traits (Adapted from Jackson et al. 2008) 
Transect
Species Phylum Lifespan 
(years)
Growth 
(cm year-1)
Survivability Reproduction Repopulation Recovera
bility
Alcyonium 
digitatum
Cnidaria >11 < 1 Medium Low Medium Low
Eunicella 
verrucosa
Cnidaria >11 < 1 Low Low Low Low
Pentapora 
foliacea
Bryozoa 6-10 1-2 Low Medium Low Low
Phallusia 
mammillata
Chordata 1-2 3-5 Medium High Low Medium
Grouped  
branching             
sponges *
Porifera
*No trait information available 
Frame grab
Actinothoe 
sphyrodeta
Cnidaria 1-2 < 1 Medium Medium Medium Medium
Aiptasia 
mutabilis
Cnidaria 1-2 3-5 Low Medium Medium Low
Chaetopterus 
variopedatus
Annelida 1-2 > 5 Medium High Medium High
Cliona celata Porifera >11 3-5 High Low Low Low
Halecium 
halecinum
Cnidaria 1-2 > 5 Medium High Medium High
Hydrallmania 
falcata
Cnidaria 3-5 > 5 Medium High Low Medium
Tethya 
aurantium
Porifera 3-5 1-2 High Medium Medium High
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2.2.7 Data analysis 
Permutational Multivariate Analysis of Variance (PERMANOVA+ using PRIMER v7 software package) 
was used to test for changes in the response variables (total abundance, species richness, 
assemblage composition and the total and individual mean abundances of indicator species) 
between Control, Low, Medium and High Treatments across all Years (2014, 2015, 2016). Analyses 
of response variables were undertaken for both Transect and Frame grab data. For analyses of 
indicator species, Transect data used five species while Frame grab data used seven species. An 
additional response variable of Functional groups (Mobile species, Sessile species) was analysed 
for Transect data only. 
The strength of the survey design controlled for covariate factors that might occur (such as 
depth) by siting experimental units in areas comparable in their abiotic conditions. PERMANOVA 
is robust to datasets with many zeros, and allows the testing of interactions in complex 
multifactorial designs with multivariate or univariate data.  Multivariate data (assemblage) were 
square root transformed to allow rare species to contribute, while down-weighting the 
contribution of highly abundant species. Bray-Curtis similarity indices were calculated to 
construct a similarity matrix between sites. Visualisation of matrices was achieved using non-
metric Multi-Dimensional Scaling (nMDS). Univariate data (total abundance, species richness and 
Indicator taxa abundances) were log10 (x+1) transformed and Euclidean distance similarity 
matrices between sites were calculated. PERMANOVA is considered a suitable analysis for 
univariate date as among group group and within ground sums of squares are monotonically 
related to the F ratio. This means that the position of the observed value under permutation is 
the same as that of the observed value of F relative to the distribution of F and so is an 
equivalent approach to obtain significance values (Anderson 2001).   
For Frame grab data within-transect variation was not of interest given the scale of the study, so 
the 10 replicate frame grabs were averaged to avoid pseudoreplication. This also increased the 
precision at which the benthic reef assemblage was quantified. The analytical design had three 
factors: Year (fixed: 2014, 2015, 2016) Treatment (fixed: Control, Low, Medium, High) Area 
(random: Beer, Axmouth, Lyme Regis, West Bay) (Fig. 2.7). Main effects and interaction effects 
were tested for all analyses. 
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Each term in the analyses used 9999 permutations of the appropriate units. Multi-level 
significant interactions were tested using PERMANOVA pairwise tests. P values of <0.05 were used 
to denote significance. Statistically significant interactions were investigated further using post-
hoc pairwise comparisons in PERMANOVA+. 
 
2.3 Results 
2.3.1 Transect data 
A total of 192 50m replicates were collected between 2014 - 2016. Of these only 2 were unusable 
due to technical difficulties or poor footage, 1 replicate in 2014 and 1 replicate  in 2016. A total 
of 40 species or species groups were identified from 7 different phyla; 36 in 2014, 30 in 2015 and 
29 in 2016 (Appendix table B9). After Ophiuroidea species (403.53 m2), seen in dense but patchy 
aggregations, the most abundant species was the pink sea fan (Eunicella verrucosa) (89.53 m2) 
followed by the soft coral Dead Man’s Finger Alcyonium digitatum (84.73 m2). 
2.3.1.1 Total abundance 
Greatest mean abundance was in the High treatment in 2014 (5.666 ind. m2 ± 0.8687), while 
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Figure 2.7 Visual representation of full analytical design (without averaging)
lowest mean abundance was in the High treatment in 2016 (2.836 ind. m2 ± 0.384). Over time, 
Control treatments showed an increasing trend while all other potted treatments showed a 
decreasing trend. This was most pronounced in the High potting treatment. There were 
significant differences between the High treatment and all other treatments in 2016 (P= <0.001) 
(Fig. 2.8a; Table 2.2). 
Figure 2.8. Year time x treatment interactions a) Relative mean abundance (±SE) and b) 
mean species richness (±SE) for all species in treatments (Control, Low, Medium, High) by 
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a)
b)
year (2014-2016) 
Table 2.2  PERMANOVA+ table for response variable Abundance for all transect species for 
Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and Area (West Bay, Lyme 
Regis, Axmouth, Beer) plus pairwise comparisons for Year 2016 between all treatments 
2.3.1.2 Species richness 
Species richness was greatest in the ‘Medium’ treatment in 2016 (10.25 ± 0.818). Lowest species 
richness was observed in ‘High’ 2016 (7.365 ± 0.679) (Fig. 2.8b; Appendix table B1b). Similar to 
Abundance, Control treatments showed a slight increasing trend, and Low and High potting 
treatments were seen to decrease over time, but these trends were not significant (Fig. 2.8b; 
Appendix table B1b). Medium treatment species richness was variable between years.  
2.3.1.3 Assemblage composition 
Assemblage composition data for all species was highly variable but there was a significant 
difference for Year only (Appendix table B1c). In 2014 assemblages for all treatments were quite 
different to assemblages in 2015 and 2016. Although similarity between potted treatments in 
2015 and 2016 was quite high, Control treatments are very similar. In 2016, the High treatment 
assemblage composition was far removed from the other treatments (Fig. 2.9). Figure 2.9 shows 
that all treatments differed between year, as shown by clusterings in MDS space and illustrated 
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 Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 14422.00 6.961 0.0001
Treatment Tr 3 7221.80 1.1629 0.0482
Area Ar 12 6198.50 2.9569 0.0838
YexTr 9 2240.20 1.1412 0.021
YexAr 30 1850.90 1.311 0.053
Residual 1 904.95
Total 125
2016
Groups t P
Control, Low 1.81 0.1069
Control, Med 1.46 0.1883
Control, High 3.91 0.0010
Low, Med 2.45 0.0420
Low, High 1.35 0.2194
Med, High 3.33 0.0107
by numbers. 
Figure 2.9. nMDS ordination plot of differences in assemblage compositions for all species in 
each Treatment between Years (2014-2016). Years are identified above points. >50% 
similarity ellipsoid overlays have been added for visualisation 
2.3.1.4 Functional groups 
Mobile species 
Mean abundance of mobile taxa was highest in Medium 2014, but highly variable (5.8128 ind. m2 
± 2.007), and lowest in High 2016 (1.5948 ind. m2 ± 0.2571). There was no significant differences 
for Year, Area or Treatment factors (P >0.05 Appendix table B2a). Abundance of Mobile species 
showed a decreasing trend in all Treatments between 2014 - 2016; howeve,r this was not 
significant (Fig. 2.10a).  
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Sessile species 
Highest mean abundances were seen in the Low treatment in 2016 (2.247 ind. m2 ± 0.349 m2), 
while the lowest mean abundances were seen in the Control treatment in 2014 (0.609 ind. m2 ± 
0.334 m2) (Fig. 2.10b).  There was a significant difference in abundances between Years (P 
<0.001), while Treatment differences were not quite significant (P = 0.0542); however, on 
account of this, pairwise comparisons were performed. Abundances of the Sessile taxa showed a 
large increase in the Control treatments from very low abundances in 2014 to much higher in 
2016. However, this was not significant. An increasing trend was seen in Low treatments too (Fig. 
2.10b). Medium and High treatments did not seem to differ between 2014 and 2015, but then 
decreased in 2016; however, this again was not significant (Fig. 2.10b; Appendix table B2). 
Although not significant, abundance of Sessile species in Control and Low treatments were higher 
than  Medium and High treatments in 2016. 
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Figure 2.10. a) Relative mean abundance for Mobile species (±SE) and b) relative mean 
abundance for Sessile species (±SE) for treatments (Control, Low, Medium, High) by Year 
(2014-2016). 
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a) Mobile species
b) Sessile species
2.3.1.5 Indicator species  
Total abundance 
Greatest mean abundance of indicator species was seen in the Low treatment in 2016 (1.866 ind. 
m2 ± 0.216), while lowest was seen in the Control treatment in 2014 (0.467 ind. m2  ± 0.16). (Fig. 
2.11; Appendix table B4a). There was a Year x Treatment interaction for abundances of indicator 
species (P = 0.0067, Appendix table B4a). Pairwise comparisons showed mean abundances in 2016 
Control and Low were significantly higher (P <0.05) than Medium and High treatments (Fig. 2.11) 
(Appendix table B4a). 
Figure 2.11 Relative mean abundance (±SE) for key indicator species in treatments 
(Control, Low, Medium, High) by year (2014-2016) 
Individual abundance 
From the selected indicator species, individual abundance was greatest for Eunicella verrucosa 
(Pallas, 1766) (89.53 ind. m2) and  lowest  for  Pentapora  folicacea  (Ellis  &  Solander,  1786) 
(30.33 ind. m2). Treatment effects were shown for Alcyonium digitatum (Linnaeus, 1758) and P. 
folicacea. 
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Pentapora folicacea 
P. folicacea relative mean abundance was highest in Control treatment, 2015 (0.357 ind. m2 ± 
0.107) than in other years. Pairwise comparisons for Year x Treatment factor showed a 
significantly greater abundance in both 2015 and 2016 in the Control treatment which showed an 
increasing trend over time, in comparison to all other treatments (2015 P <0.05 Appendix table 
B5a; 2016 P <0.05; Fig. 2.12; Appendix table B5a). 
Phallusia mammillata 
P. mammillata relative mean abundance was highest in Control, 2016 (1.046 ind. m2 ± 0.199) in 
comparison to all other treatments within and between years. Pairwise for Year x Treatment 
factor showed a significantly greater abundance (P <0.05 Appendix table B5b) in the High 
treatment (0.915 ± 0.161) in comparison to the Low treatment (0.521 ± 0.121) in 2013. In 2016, 
Control and Low treatments (Control = 1.046 ± 0.199; Low = 0.669 ± 0.178) had significantly 
higher abundances and both showed increasing trends in abundance over time, in comparison to 
Medium (Control <0.05; Low <0.01 Appendix table B5b) and High (Control, Low P< 0.001 
Appendix table B5b) treatments (Medium = 0.39 ± 0.0.165; High = 0.17 ± 0.066) (Fig.2.12). 
Alcyonium digitatum 
A. digitatum relative mean abundance was much more variable but highest in Low in 2016 (0.334 
ind. m2 ± 0.114) in comparison to all other treatments within and between years. Although there 
was a significant difference for the factor Year, there was no Year x Treatment interaction (P = 
0.404) for A. digitatum (Fig. 2.11; Appendix table B5c). However Low treatments were the only 
treatment with a consistently increasing trend over time (Fig. 2.12). 
Grouped branching sponges 
Grouped branching sponges relative mean abundance was highest in High in 2014 (0.606 ind. m2 
± 0.155) in comparison to all other treatments within and between years. Although there was a 
significant difference for the factor Year (P = 0.0032), there was no Year x Treatment interaction 
(P = 0.704) for grouped branching sponges (Fig. 2.12; Appendix table B5d). 
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Eunicella verrucosa 
E. verrucosa relative mean abundance was highest in High in 2014 (0.246 ind. m2 ± 0.135) in 
comparison to all other treatments within and between years. There was a significant difference 
for the factor Year, Treatment but no Year x Treatment interaction (P = 0.535) for E. verrucosa 
(Fig.2.11; Appendix table B5e). The abundance increased between each year in Control 
treatments, and decreased between each year in High treatments; neither trend was significant 
(Fig. 2.12). 
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 Figure 2.12. Relative mean abundances (± SE) for all Indicator species (see graph titles) in 
treatments (Control, Low, Medium, High) across all years (2014-2016) 
 100
Pentapora folicacea
2.3.2 Frame grab data 
From the video data collected a resulting 1920 individual frames were selected and analysed. 
From these 127 different species or groupings from 11 phyla were identified and used for 
analysis (see Appendix table B11). The most abundant species were grouped hydroids (329.76 m2 
± 16.65 SE), followed by the orange sea grape Stolonica socialis (183.59 m2 ± 48.87 SE) and then 
the sea chervil Alcyonidium diaphanum (151.13 m2 ± 15.8 SE). ‘Turf’ had the greatest mean 
percentage cover (19.33% m2 ± 1.87 SE) and out of those encrusting species that could be 
identified to species, Lithophyllum incrustans had highest cover (0.098% m2 ± 0.069 SE). 
2.3.2.1 Total abundance  
Total abundance of individuals (summed for all taxa) was greatest in the Low treatment in 2016 
(18.049 ind. m2 ± 2.519) and lowest in the Control, 2015 (13.217 ind. m2 ± SE 2.005) (Fig.2.13). 
There was a significant difference in abundance between years (P <0.001 Appendix table B6a); 
however there was no Year x Treatment interaction (Fig. 2.13). There were no discernible 
treatment trends over time for total abundance of Frame grab species (Fig. 2.13). 
Figure 2.13 Relative mean abundance (±SE) for all species in treatments (Control, Low, 
Medium, High) by year (2014-2016) 
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2.3.2.2 Species richness 
Highest species richness was seen in the Control treatment, 2016 (30.125 ± 2.039) and 
lowest in High, 2014 (22.25 ± 2.289). Again, similar to total abundance, there was a 
significant difference between years with species richness reducing by an average of 5.6 
species in all treatments between 2014 and 2015; however there was no Year x Treatment 
interaction (Fig. 2.14; Appendix table B6b). Species richness of Frame grab species 
increased over time in all treatments except low (large variability in Low treatment in 
2014)(Fig. 2.14). 
 
Figure 2.14. Mean species richness (±SE) for all species in treatments (Control, Low, 
Medium, High) by year (2014-2016) 
2.3.2.3 Assemblage composition 
Data were highly variable but there was a significant effect for both year and treatment in 
assemblage composition for all species (Appendix table B6c). Figure 2.15 shows that all 
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treatments differed by year, shown by clusterings in MDS space (Fig. 2.15; Appendix table B 
6c) and illustrated by different shadings. Within years, Frame grab assemblages were 
clustered for all treatments (Fig. 2.14; Appendix table B6c). 
Figure 2.15. nMDS ordination for assemblages of all species identified from Frame Grab 
analysis in treatments between years (2014-2016). > 50% similarity ellipsoid overlays 
have been added for visualisation 
2.3.2.4 Indicator species 
For the selected Indicator species, abundance was greatest for grouped hydroids (329.76 m
2 
± 
16.65 SE) and lowest for Caryophyllia smithii (0.106 m
2 
± 0.075 SE). 
Total abundance 
Abundance of selected key low-lying and encrusting species identified from Frame Grabs was 
highest in the Medium treatment in 2014 (4.16 ind. m2 ± 0.334), while lowest abundance was 
seen in the Control treatment in 2015 (2.487 ind. m2 ± 0.398). There was a significant difference 
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between the tested factor Year (Appendix table B7a), but there was no Year x Treatment 
significant interaction (Fig. 2.16; P = 0.9075 Appendix table B7a). Mean abundances for all 
Indicator species decreased between 2014 and 2015, and then increased between 2015 and 2016. 
Figure 2.16. Relative mean abundance(±SE) for Indicator species in treatments (Control, 
Low, Medium, High) by year (2014-2016) 
Individual abundance  
Grouped hydroids 
Abundance of grouped hydroids was highest in High 2014 (1.968 ind. m2 ± 0.206) and lowest in 
Control 2015 (1.035 ind. m2 ± 0.219). Data were variable between Years, which was significant (P 
<0.001 Appendix table B8a); however there was no Year x Treatment interaction (P = 0.838)(Fig. 
2.17; Appendix table B8a). Abundances decreased in all treatments between 2014 and 2015 and 
then increased slightly between 2015 and 2016. 
Chaetopterus variopedatus 
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Abundance of Chaetopterus variopedatus was highest in Medium 2014 (0.987 ind. m2 ± 0.257) 
and lowest in Low 2015 (0.031 ind. m2 ± 0.021). Data were variable between Years which was 
significant (P <0.001 Appendix table B8; however there was no Year x Treatment interaction (P = 
0.995)(Fig. 2.16; Appendix table B8b). Abundances decreased in all treatments between 2014 
and 2015 and then increased slightly between 2015 and 2016 (Fig. 2.17). 
Grouped anemones 
Abundance of grouped anemones was highest in Control 2014 (0.791 ind. m2 ± 0.248) and lowest 
in High in 2013 (0.154 ind. m2 ± 0.093). Data were highly variable and there was no Year x 
Treatment interaction (P = 0.71)(Fig. 2.17; Appendix table B8c). Abundances decreased 
consistently in the Control but increase in High treatments over time. For Low and Medium 
treatments initial decreases between 2014 and 2015 were followed by increases in 2015 and 2016 
(Fig. 2.17). 
Grouped massive sponges 
Abundance of grouped massive sponges was highest in Low 2016 (0.663 ind. m2 ± 0.199) and 
lowest in Control 2016 (0.192 ind. m2 ± 0.078). There was a significant effect for Year (P <0.001) 
but there was no  significant Year x Treatment interaction (P = 0.967)(Fig. 2.17; Appendix table 
B8d). For all treatments abundances increased by a large amount between 2014 and 2015 and 
then stagnated between 2015 and 2016 (Fig. 2.17). 
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 Figure 2.17. Relative mean abundance (± SE) for all key indicator species (see titles) in 
treatments (Control, Low, Medium, High) across all years (2014-2016) 
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Table 2.3. Summary of significant impact status on tested responsible variables, with level of 
impact (significantly lower abundance) taken from pairwise comparisons 
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 Response variable  Functional 
group
Significant 
treatment impact
Level of impact (potting 
density/densities 
 Transect:
 Abundance - No -
 Species Richness - No -
 Assemblage composition - No -
 Indicator species abundance: Yes High, Medium
  Pentapora folicacea Sessile Yes Low, Medium, High
  Phallusia mammillata Sessile Yes Medium, High
  Alcyonium digitatum Sessile No -
  Grouped branching sponges Sessile No -
  Eunicella verrucosa No -
 Frame Grab:
 Abundance -
 Species Richness - No -
 Assemblage composition - No -
 Indicator species abundance: No -
  Grouped hydroids Sessile No -
  Chaetopterus variopedatus Sessile No -
  Grouped anemones Sessile No -
  Grouped massive sponges Sessile No -
2.4 Discussion 
After the ban on bottom towed fishing, and significant recovery of some sensitive sessile reef 
epibiota, unregulated commercial potting activities have been allowed to continue within the 
Lyme Bay MPA. In this study, the impacts of increasing potting density on the recovering benthic 
organisms, with a focus on sessile and sedentary reef species and assemblages, were assessed. It 
was hypothesised that as potting density increases the recovery rate of the response variables 
will decrease. The variables were measured in each treatment (Control, Low, Medium, High) 
across three years (2014, 2015, 2016) to determine whether this hypothesis could be accepted. 
Transect data 
Total abundance of all conspicuous sessile and sedentary species were highly temporally and 
spatially variable, and there was a significant effect of between High treatments and all other 
treatments in 2016. A decreasing trend in total abundance in all potted treatments (Low, 
Medium, High) occurred over time, while the Control showed an increase in abundance over 
time. It was hypothesised that recovery of these species would continue; however, rate of 
recovery would be impacted by increasing potting. Only a cessation in potting resulted in a 
recovery trend. Species assemblage compositions varied between year, and treatments were 
similar to each other in 2014 and 2015. However, assemblage composition in the High treatment 
became less similar to all other treatments in 2016. When split by functional groups, abundance 
of conspicuous benthic mobile species showed a decreasing trend in all treatments over time, 
suggesting that these species were being influence by variable outside this study’s scope. For the 
conspicuous sessile and sedentary species functional group, abundance increased over time in 
Control and Low density potting treatments, and decreased in the Medium and High treatments, 
notably between 2015 and 2016 but this was not significant. It was concluded that sessile species 
are responding positively to low levels of potting, and contributing to the differences seen in 
assemblage composition, particularly in 2016. Although not sequential among treatments, taken 
broadly the abundances of sessile species meets the recovery hypothesis of this study, that Control 
and Low treatments would have elevated levels of recovery,  and that higher levels of potting density 
would maintain or reduce the degree of recovery over time. What is more, Medium treatments were 
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seen to decrease over time suggesting the current levels of potting in Lyme Bay may impact sessile 
species if this activity is spatially concentrated. These trends only manifested themselves in 2016, 
after three years of potting density manipulation, and it is expected that over time treatment 
differences will diverge and continue to be dissimilar. It is important for further studies to determine 
if these trends continue, as determining the extent and timescales of these impacts on recovery is 
very important for marine ecosystem management. Evidence from Lyme Bay and elsewhere suggests 
that benthic recovery may require at least 5-10 years of study (Babcock et al. 2010). 
Abundances of all pre-selected sessile indicator species showed more defined differences. 
Abundances were significantly higher for two taxa in the Control and Low potting treatments in 
comparison to the Medium and High treatments in 2016, indicating an increasing trend over 
time. These (positive) increasing trends are thought to be driving the between-treatment 
changes for all sessile species. Two of the indicator species (Phallusia mammillata and Pentapora 
folicacea) showed a positive response to reduced potting density after three years, with the 
White sea squirt (P. mammillata) showing positive recovery in the Low potting and Control 
potting treatments and the Ross coral (P. folicacea) showing recovery in the Control treatments. 
Both P. mammillata and P. folicacea responded positively in the areas that experienced a low 
intensity of potting effort, or a complete cessation of potting in the case of P. folicacea. It is 
concluded that for P. mammillata recovery rate decreased with increasing potting density, and 
Medium and High treatments had negative impacts the recovery of this species over time. For P. 
folicacea all levels of potting activity impacted the recovery rate of this species when potting 
activity was sustained and concentrated. Again, increases in potting density has decreased the 
recovery rate of these species,  broadly fitting the hypothesis of this study. 
Both of these species are previously known to be impacted by bottom towed fishing, yet not 
considered to be impacted by commercial potting as they have been recovering since 2008 
(Sheehan et al. 2015). P.  folicacea, a large erect bryozoan with apparent low recoverability 
(Table 2.1), plays an important role in the formation of biogenic reef (Cocito and Ferdeghini 
2001). Found throughout the Atlantic, P.  folicacea colonies attach to substratum through an 
encrusting base. This species forms an enveloping honeycomb structure, and is noted for being 
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extremely slow growing, with some estimates at around 2 cm a year (Table 2.1; MarLIN 2006; 
Jackson et al. 2008). P.  folicacea is important for providing structurally complex habitat through 
the provision of interstitial spaces that form as part of its honeycomb. It is extremely 
functionally important to flora and fauna that use it as nursery habitat, for example juvenile fish 
species (Cocito and Ferdeghini 2001; Bradshaw et al. 2003). It also provides physical habitat for 
settlement of larvae, or structure for nest building reef associated fauna (Stoner and Lewis 1985; 
Lima and Dill 1990; Rodriguez et al. 1993; Pirtle et al. 2012), and if removed could impact the 
functioning of a habitat (Patzold et al. 1987; MacDonald et al. 1996). P.  folicacea is common in 
reef habitats within the Lyme Bay MPA, contributing to its Annex I status and is classified as an 
indicator for recovery in areas of Lyme Bay since the exclusion of bottom towed fishing (Sheehan 
et al. 2013a). Sheehan et al. (2015) showed that P.   folicacea increased following the exclusion of 
bottom towed fishing, suggesting that impacts from potting may be less than impacts of bottom 
towed fishing. However, the results from this current study highlight that in a recovering system, 
where commercial potting is permitted, potting has an impact on the recovery of this species.  
Although never quantified, impacts from potting on P.  folicacea have been noted in other 
studies. For example, Eno et al. (2001) stated  ‘There was evidence of some damage to large 
individuals of the Ross coral’ and ‘some large individuals of which were badly smashed by 
potting’ and S. Gall (In press) observed ‘Of the 16 P. folicacea colonies observed, only one was 
removed from the reef, but due to their fragile and brittle structure more individuals were 
damaged than not damaged’. These observations were from single or short term potting 
episodes, suggesting that repetitive damage to recovering populations of P. foliacea from 
sustained potting activity could explain impact on recovery in the potted treatments of this 
study. 
Phallusia mammillata is the largest solitary marine tunicate inhabiting waters of the British Isles 
(Picton and Morrow 2016). It is a fast growing suspension feeder with low fecundity that can 
reach around 12cm tall, growing at between 3-5cm a year (Jackson et al. 2008). Typically found 
growing on hard substratum, biological traits analysis has classed this species as having medium 
recoverability due to its medium survivability to disturbance, its high repopulation ability and 
low dispersion potential (Table 2.1) (Langmead et al. 2010). P.  mammillata is found in abundance 
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in Lyme Bay (Seasearch 2007; Sheehan et al. 2013a) and was highly abundant in the treatment 
areas here. Like P. folicacea, P. mammillata is important in providing structural complexity and 
contributing to biogenic reef habitats (Attrill et al. 2011). These species provide erect structure 
for the settlement of larvae, nursery for juvenile mobile species and laying of eggs or nests; 
much like the functional role P. folicacea occupies. The cellulose test of P. mammillata is tough, 
but the weight and tension of pots and their ropes would be enough to remove this species, as 
again noted by Eno et al. (2001) (‘evidence of some detachment of ascidians and sponges’), in 
the same way removal of sea whips (Hall et al. 2008) or sea fans (Eno et al. 1996, 2001) has also 
been observed. 
Both of the aforementioned species showed evidence of impact from potting, with recovery of P. 
folicacea impacted by all levels of potting, and increased abundance of this species seen in areas 
protected from potting, and P. mammillata showing signs of impacts in Medium and High potting 
areas. These impacts are likely the result of repeated hauling and deployment and subsurface 
movements of pots related to weather and tidal patterns, which over time caused physical 
damage to these more sensitive species with slower recovery rates.  
Of the other indicator species assessed, despite not being significant, potting impacts on 
Eunicella verrucosa and Alcyonium digitatum should not be ignored. Relative abundances over 
time of E. verrucosa and A. digitatum showed decreasing trends in both Medium and High 
treatments, while abundance stayed the same or increased in the lower density treatments. 
These effects were marginal, but may indicate trends that may become more pronounced with a 
longer time series of data. E. verrucosa and A. digitatum are octocoral species that are common 
on the reefs of Lyme Bay. These species have been observed growing within sediment on 
underlying hard substratum (Sheehan et al. 2013b), and their attachment potentially alleviates 
the threat of being removed from the seabed (Newman et al. 2012), despite their survivability 
being considered as low (Jackson et al. 2008). Their skeletal structure may also afford them the 
strength to reduce any damage from being crushed or abraded by potting equipment (Newman et 
al. 2012). This was certainly observed by Eno et al. (2001), who showed that E. verrucosa 
appeared to flex under the weight of a pot ‘landing’ on them and shortly returned to an upright 
position. The authors also showed that observed abundance of A. digitatum did not alter 
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between pre and post potting episodes, with no damage observed (Eno et al. 2001). Results from 
this current study suggest that susceptibility of these species to potting impacts may be fairly 
low, but that they still may be impacted by increasing potting activity over time.  
Grouped branching sponges did not appear to be affected by increasing potting density. 
Information on the growth rates and recoverability of branching sponges is scarce; however, the 
colonial characteristics of sponges allow them to have rapid regenerative processes (Garrabou 
and Zabala 2001) and the removal of an entire sponge through cumulative potting is considered 
unlikely here. 
Frame grab data 
Inconspicuous benthic organisms including encrusting, colonial and discrete sessile and sedentary 
benthic reef species did not seem to show a response to an increase in potting intensity. Data 
were variable for both abundance and species richness, and lacked significant treatment 
differences for all years tested and showed no discernible trends over time. Species assemblage 
compositions remained similar between treatments in each year. Indicator species varied 
significantly among years, but again this was consistent across all treatments suggesting species 
were responding to variables outside of the scope of this study. The hypothesis is therefore 
rejected  for the response variables for these species. 
Many of the encrusting, colonial and discrete sessile species, such as the grouped hydroids and 
the polychaete Chaetopterus variopedatus, are key indicator species that have high 
recoverability according to the BIOTIC trait analyses (Table 2.1; Langmead et al. 2010). Both of 
these species were seen to decline between 2014 and 2015, with C. variopedatus seen in very 
low abundances in particular. This is likely an ongoing response to the extreme disturbance from 
bad weather. Disturbance can result in a dominance of species representative of r-selection, 
where successive species that are fast growing with a low reproductive age but large 
reproductive potential can dominate habitats or patches of habitats following the removal of a 
pressure or a space competitor (MacArthur and Wilson 1967). Many of the species identified from 
frames grabs are r-strategists, as opposed to the conspicuous larger indicator species indicative 
of k-selection, and this may explain the large fluctuations and decreases, ultimately driving the 
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composition of low-lying and encrusting epibiotic assemblages in this study. This can make it 
difficult to identify treatment related impacts for such species. 
In addition, the species analysed from frame grab data could be less impacted by potting activity 
than erect conspicuous sessile and sedentary species, as many of the low lying and encrusting 
species occupy areas of reef which do not have contact with potting gear. Impacts to low lying 
encrusting epibiotic species have been documented by studies focussing on damage and recovery 
associated with mobile gear (Hall-Spencer and Moore 2000; Hinz et al. 2009; Sheehan et al. 
2013a). These impacts are theorised to be caused by the physical action of turning over hard 
unattached boulders and cobbles, as this action can damage and remove entire encrusting and 
low-lying species and colonies (Hall-Spencer and Moore 2000; Hinz et al. 2009). Some encrusting 
organisms, including the grouped massive sponges, have colonial life histories and can 
regenerate if damage is sustained, and only the removal of whole organisms will result in a 
decrease in abundance. Such physical action is not associated with potting. Recoverability is high 
for many of these species (Table 2.1), and small scale spatial variability in potting activities may 
provide short-term temporal cessation from potting, allowing these fast growing species to 
recover during these periods. 
2.4.1 Implications of results 
The perception that commercial potting has a completely benign impact can be challenged using 
the evidence presented here. Whilst for a number of recovering species, subsets and selected 
indicator species there was no observed impact of increasing potting on the relative abundance, 
species richness and assemblage composition, P. foliacea in the Low, Medium and High potting 
treatments and P. mammillata in the Medium and High treatments in 2016 showed impacts of 
potting activity on recovery after three years. Commercial potting should therefore not be 
regarded as benign when effort is high, fishing is regular, and spatially concentrated on biogenic 
reef habitats over multiple years in a recovering MPA. 
Previous management has been based on evidence of potting impact studies conducted over 
relatively short timescales, which are not representative enough for a fishery that is undertaken 
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all year round. Managers need to understand the interaction between potting and the marine 
ecosystem, so that this type of fishing can be sustainably and responsibly managed in sensitive 
protected areas. The management implications of this study could mean that areas subjected to 
substantial potting effort should now be considered assessments for fishery impacts. However 
these results should be contextualised by understanding the exposure to high potting density was 
sustained in one area. The commercially important organisms targeted by potting exploit rugose 
subtidal geology including ‘ledges’ and ‘caves’, which create habitat for species, such as the 
brown crab and European lobster (Bannister et al. 1994). It is possible that these areas could 
become exposed to spatially concentrated high levels of potting activity, but sustained temporal 
fishing pressure is not as likely. Despite this, if potting is allowed to continue unregulated in 
many of our MPAs, then increases in potting activity should be monitored and managed to avoid 
high potting densities occurring. Low potting levels may be more sustainable when considering 
the impacts of potting on benthic reef species and assemblages. 
The species that have been impacted during this study are protected Annex I reef species found 
in Lyme Bay, considered as important species characterising biogenic reefs (JNCC 2016a). If these 
species are removed by fishing activities, there may be an impact on the classification and the 
biological function of the reef habitat. If the complex reef, which many species rely on as 
habitat and nursery grounds (Stoner and Lewis 1985; Lima and Dill 1990;  Cocito and Ferdeghini 
2001; Bradshaw et al. 2003; Pirtle et al. 2012)is removed, this may have knock on consequences 
for benthic reef associated species, chi may in turn impact commercial fisheries. This could 
compromise the efficacy of multi-use MPAs for the ecosystem-based approach to marine 
management. It should be highlighted, however, whilst the two species that declines in response 
to increasing fishing pressure there were many other species that did not show similar patterns.   
2.4.2 Conclusion 
The potential negative consequences associated with increased potting density have been 
discussed; however, the longer term changes remain unknown. The species impacted are 
considered as  key species in the benthic reef ecosystem, and their functional importance in the 
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maintenance of the wider community and thus the associated fisheries in Lyme Bay may not yet 
be understood. Impacts on associated fish, and other mobile species and communities, should be 
assessed in addition to this study for a comprehensive ecosystem wide assessment of potting 
impacts; these are reported in chapter Three and Four. 
Ecosystem-based management has a role in finding appropriate management measures that 
provide a suitable trade off between protecting fisheries, so that they continue to provide food 
and money to the local communities, while also effectively protecting sensitive marine habitats 
(that provide functional benefits to the wider marine community) from any potential disturbing 
and destructive activities (Christensen et al. 1996; Larkin 1996; Jennings and Kaiser 1998; CBD 
2010; Garcia et al. 2014). Ecosystem-based approaches to marine protection are increasing in the 
UK, and the Lyme Bay MPA was introduced to ‘prohibit the use of certain damaging fishing 
practices that have a negative impact on important biodiversity in Lyme Bay’ (Defra 2008). If 
species that contribute to this ‘important biodiversity’ are now impacted by certain levels of 
other fishing actives, aside from bottom towed fishing, then they have to be considered by the 
marine managers. Applying the evidence presented here to management would represent an 
example of evidence-based management in action; ensuring the Lyme Bay multi-use MPA, that 
still permits commercial potting, continues to maintain and provide dual benefits for both 
fisheries and conservation. 
It is down to management regulators to decide what level of impact is considered enough to 
compromise achieving defined MPA management goals. The UK is committed to achieving GES by 
2020 as part of the MSFD (Directive 2008/56/EC) and is currently undertaking assessments of its 
MPAs. In Tett et al.’s (2013) review, GES is defined as ‘condition of a system that is self-
maintaining, vigorous, resilient to externally imposed pressures, and able to sustain services to 
humans; This is achieved through the maintenance of healthy organisms and populations, and 
adequate functional diversity and functional response diversity’. If marine systems are 
consistently exposed to anthropogenic pressures, then there is a risk of shifting baselines and a 
loss of services provided by healthy ecosystems (Tett et al. 2013). Using the evidence here, 
decisions must now be made to determine if GES will be compromised by unregulated and 
increasing potting activity within the Lyme Bay and UK MPAs. 
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The evidence gathered fills substantial knowledge gaps on the impacts of a potentially 
significant and increasing fishing industry, on benthic organisms, with a focus on sessile and 
sedentary biogenic reef species and assemblages. This evidence could also be applied to areas of 
comparable reef habitat that may currently be facing, or potentially could face, similar potting 
pressures, in conjunction with site specific considerations. 
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Chapter Three: Ecosystems (Part B) 
Assessing the impacts of increasing potting density on benthic macro-mobile 
species and assemblages 
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This chapter assesses the impact of four different potting intensities on the benthic macro-
mobile species and assemblages. 
3.1 Introduction 
Marine benthic habitats play an important role in influencing ecological processes and 
maintaining ecosystem function (Collie et al. 1997; Gili and Hughes 1995; Bradshaw et al. 
2003). Species structural complexity and complex habitat typography are considered as key 
components associated with ecosystem biodiversity and function (Bolam et al. 2002; Bradshaw 
et al. 2003; Howarth et al. 2011). Here, complexity refers to the physical structure of the 
environment (Smith et al. 2014), and how structure alters community composition by providing 
habitat, niches and resources that are important for a range of different organisms (Bradshaw 
et al. 2003). Typically, complex benthic habitats are associated with high levels of productivity 
and are seen to influence population structure (Beck et al. 2001; Gibb et al. 2007; Laurel et 
al. 2009). Relationships between complex benthic habitats and increases in species diversity 
and population density have been observed in terrestrial (Crowder and Cooper 1982), 
freshwater (Torgersen and Close 2004) and marine ecosystems (Auster et al. 1997; Bradshaw et 
al. 2003). 
Habitat complexity is determined by the underlying substrate and the epibiotic species present 
(Lambert et al. 2013). Biogenic reefs and their sessile epifaunal assemblages, such as hard and 
soft coral and temperate reefs, oyster beds or sponge dominated communities that proliferate 
on hard substrata, create structurally complex habitats that modify the 3-dimensional element 
of the seafloor (Bradshaw et al. 2003). Habitat-forming species utilise available substrata and, 
once established, provide additional habitat themselves by increasing physical surface area, 
providing habitat for other organisms to settle (Osman and Whitlatch 1995). Greater surface 
area for larval settlement and attachment plus the provision of food resources, stabilisation of 
sediments, alterations to water currents, and delivery of elevation into the water column are 
just some of the environmental enhancements associated with complex biogenic reef species 
and habitats (Connell and Jones 1991; Gili and Hughes 1995; Auster et al. 1997; Lindholm et 
al. 1999; 2000; Bradshaw et al. 2003). The ecological benefits associated with these 
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enhancements can include higher trophic level diversity (Halpern 2003; Auster et al. 1997; 
Jonsson et al. 2001; Bradshaw et al. 2003), increased growth rates and survivability, and 
better condition of both species and associated communities (Beck et al. 2001; Gibb et al. 
2007; Laurel et al. 2009). 
The extent of such benefits changes with species’ life histories (Mcguinness and Underwood 
1986). These complex biogenic habitats are particularly favourable to mobile marine species 
that utilise 3-dimensional habitats as important areas to nurse offspring, increase juvenile 
survivorship (Payne et al. 1998; Bradshaw et al. 2003), shelter from predation (Bradshaw et al. 
2003), exploit during hunting (Flynn and Ritz 1999) and be protected from other pressures or 
unfavourable conditions (Auster et al. 1997; Bradshaw et al. 2003; Howarth et al. 2014). 
Examples of mobile marine species benefiting from biogenic reef habitats include juvenile 
silver hake, Merluccius bilinearis, shown to occur at higher densities in areas where amphipod 
tube cover was greater and more complex (Auster et al. 1997). Tubes provide cover for year 
zero immature hake, and increase survivorship of this cohort through small scale modifications 
in habitat. Likewise, abundances of a number of small species of temperate shrimp and 
juvenile king crabs, Lithodes maja, showed strong association with anemones, and the 
structure provided by tentacles of anemones was, hypothesised to increase protection from 
predators (Jonsson et al. 2001). Shellfish, including scallops and brown crab, have been shown 
to rely on sessile organisms like hydroids, which provide structure on which spat and larvae 
can settle (de Montaudouin and Sauriau 1999; Bradshaw 2003; Howarth 2011). Meanwhile, 
more mobile species including species of Chondrichthyes and Cephalopods, use upright 
structures for egg attachment (Ellis and Shackley 1997; Blanc et al. 1998; Boletzky 1998). 
Habitat complexity of benthic reefs can vary spatially and temporally, as reefs are affected by 
natural factors such as environmental seasonality and physical disturbance, particularly in 
response to anthropogenic pressures (Collie et al. 1997; Bradshaw et al. 2003; Kaiser 2005). 
Climate related changes to environmental parameters, marine debris, seabed mining and 
aggregate dredging all have been shown to have direct and indirect impacts on benthic reef 
habitats (Bolam and Rees 2006; Lotze et al. 2006; Halpern et al. 2008). In particular, many 
commercial fishing methods that target productive benthic reefs have been shown to have 
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direct negative impacts on benthic reef habitats (Jennings and Kaiser 1998; Hall-Spencer and 
Moore 2000; Thrush and Dayton 2002). 
Highly productive benthic biogenic reef habitats are often important in sustaining commercial 
fisheries, by supporting a higher biomass of commercial important species (Connell and Jones 
1991; Collie et al. 1997; Paxton et al. 2017). However, biogenic habitats are also often 
dominated by important slow growing, long lived habitat-forming sessile species which are 
susceptible to disturbance (Collie et al. 1997). Commercial fishing can degrade habitat 
complexity through increased disturbance to, and removal of, these reef-forming species, 
direct removal of target and non-target species and physical modification of the fundamental 
biogenic and geological habitat and structure (de Groot and Lindeboom 1994; Dayton et al. 
1995; Beukers-Stewart et al. 2005; Hiddink et al. 2006; Howarth et al. 2011, 2015). Previous 
studies have highlighted the negative ecological impacts of damaging commercial fishing 
methods, most significantly trawling and dredging (de Groot and Lindeboom 1994; Dayton et 
al. 1995; Kaiser and Spencer 1996). In addition, commercial fishing can indirectly impact 
benthic reef associated communities once fundamental habitat and structure is removed 
(Craven et al. 2013). Ecological damage or disturbance to these habitats can dramatically 
reduce their ability and capacity to support biodiversity, breaking down the interactions 
between structure and epibiotic species (Collie et al. 1997; Bradshaw et al. 2001, 2003; Smith 
et al. 2014; Howarth et al. 2015). Unsurprisingly, biogenic reef habitats have been shown to be 
important in maintaining, and increasing, local biodiversity when protected from disturbing 
and damaging commercial pressures (Collie et al. 1997). 
3.1.1 Ecosystem-based management  
Ecosystem-based management principles require marine ecosystem protection to provide 
effective conservation of biodiversity while promoting sustainable fisheries (Christensen et al. 
1996; Larkin 1996; Jennings and Kaiser 1998; Pikitch et al. 2004; CBD 2011; Garcia et al. 2014). 
This approach dictates the need to protect habitats and species at an ecosystem level, and 
highlights MPAs as significant tools in this process (Gell and Roberts 2003; Shears et al. 2006). 
The UK is committed to introducing a network of MPAs and achieving Good Ecological Status 
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(GES) of its regional seas by 2020, underpinned by multiple national and international 
legislatures (European Commission 2008; MSFD 2008/56/EC). 
In order to implement appropriate and effective MPAs, the ecosystem impacts of commercial 
fisheries on target species and the wider environment, and the compatibility go these fisheries 
with MPA management objectives, need to be better understood, particularly in temperate 
areas (Gell and Roberts 2003). Ecosystem-based management of commercial fisheries is 
challenged with determining acceptable levels of fishing that do not compromise sensitive and 
functionally important habitats, yet continue to provide food, economic return and support 
local communities that rely on commercial fishing (Link 2002; Gell and Roberts 2003; Lester 
and Halpern 2008). 
Multi-use MPAs are proposed to meet these challenges, when management of commercial 
fisheries is evidence-based (Shears et al. 2006). Multi-use MPAs are MPAs which exclude 
damaging commercial fishing methods but permit other methods considered less damaging, 
and are increasingly being applied in ecosystem-based commercial fisheries management 
(Shears et al. 2006). However, for many commercial fishing methods that are permitted to 
continue, this evidence is lacking. This has led to the use of multi-use MPAs where the impacts 
of some permitted commercial fisheries are not understood.  
3.1.2 Commercial fisheries management in the UK 
In the UK, bottom towed fishing is considered to be the most damaging commercial fishing 
activity, particularly to sensitive benthic habitats (Hiddink et al. 2006; Hinz et al. 2009). 
Bottom towed fishing involves actively ‘towing’ fishing gear across the benthos in order to 
catch target species, which results in the disturbance of, damage to, and/or complete removal 
of many sensitive benthic sessile and sedentary epibiota. In addition, this ‘mobile’ fishing 
method degrades the underlying benthic geology and geomorphology (Kaiser et al. 2002). The 
negative impacts of destructive bottom towed fishing on benthic habitats have been well 
documented (de Groot and Lindeboom 1994; Hall 1999; Hall-Spencer et al. 2002; Hiddink et 
al. 2006; Hinz et al. 2009), including in Lyme Bay, England (Sheehan et al. 2013a). This has 
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resulted in bottom towed fishing being excluded from a number of UK MPAs (Client Earth 
2014). 
If alternative commercial fishing methods can continue within multi-use MPAs that exclude 
bottom towed fishing, it is important that the species or habitats at the focus of MPA 
protection are not compromised. Of the published literature on commercial fishing impacts on 
benthic habitats, and the role of MPAs in promoting recovery from these impacts, most studies 
have had a penchant to focus on either changes at a habitat (Beukers-Stewart et al. 2005) or 
species level (Hoskin et al. 2011). However, the growing evidence discussed here suggests that 
there are strong linkages between the two (Beck et al. 2001; Gibb et al. 2007; Laurel et al. 
2009), and holistic ecological assessments of the ecosystem should thus be favoured (Link 
2002). Evidence-based management can then be applied when managing commercial fishing 
activities within MPAs, without compromising ecosystem level protection (Cooke et al. 2017). 
3.1.3 Commercial potting  
Potting is a commercial fishing method that involves the deployment of ‘static’ pots, with 
different pots developed to target different species (Nédélec and Prado 1990). This fishing 
method is a ‘passive’ method of commercial fishing in contrast to mobile bottom towed fishing 
(Von Brandt 1984). In the UK, the commercial shellfish sector is significant, with commercially 
important species (scallops, crabs and Nephrops) being caught predominantly in pots, whose 
landings make large economic contributions to market (see section 2.1.3 Chapter 2; MMO 
2015). 
Protected inshore fishing grounds suited to potting have increased as a result of the exclusion 
of bottom towed fishing from MPAs (Mangi et al. 2011). This has removed conflict between 
static and mobile commercial fisheries that often occurs in areas outside of MPAs. 
Displacement of bottom towed fishing activity, leading to the potential reallocation of time, 
money and effort into the potting sector, is of real concern (Brown Crab Working Group report 
2009; Mangi 2011). Increases in potting activity are attributable to modernisation, the 
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introduction of more durable parlour pots, and a greater number of pots being fished (Lyme 
Bay  - Mangi et al. 2011; Cefas 2014; Skomer, Wales - Newman et al. 2012; Northeast England - 
Turner et al. 2009; Cefas 2014). 
Damage to benthic habitats from pots can occur through both direct contact and abrasion/
scour from movement of gear during periods of adverse weather and spring tidal cycles (Eno et 
al. 2001; Lewis et al. 2009; Gall In press). Damage is likely to occur during the setting and 
hauling of pots, as well as from any associated movement of ground lines and anchors 
(Hartnoll 1998; Eno et al. 2001; Hall et al. 2008). Potting could therefore damage habitats and 
species that are important in maintaining and promoting biodiversity, and could have direct 
and indirect impacts on reef associated species, particularly mobile species. However, 
evidence on the ecological impacts of potting on benthic mobile species does not exist. 
Empirical studies which have quantified the impacts of potting on sensitive reef habitats have 
focused on sessile species, with no consideration of impacts on the wider ecosystem.   
Despite increases in potting activity and the potential impacts of this fishery, commercial 
potting is permitted to continue within multi-use MPAs, while the impact of this fishery on the 
benthic associated mobile species and assemblages is not understood. 
3.1.4 Lyme Bay 
Lyme Bay, situated on the South coast of England, is a coastal marine ecosystem dominated by 
hard sedimentary substrata and characterised by biogenic temperate reefs, with structurally 
complex habitat and high levels of biodiversity (Attrill et al. 2011). It was designated a 
biodiversity hotspot in 2007 due to its rich flora and fauna, some of which is considered to be 
both nationally and internationally rare (Hiscock and Breckels 2007). The area is also home to 
rich commercial and recreational fisheries that typically target fish, crustacean and mollusc 
species of high commercial value (MMO 2015). Bottom towed fishing, namely scallop dredging, 
has been prolific in this area, but due to environmental concerns a Statutory Instrument (SI) 
was introduced by the UK Government (Defra) in 2008 banning all bottom towed fishing from 
an area of 60 nm2 of reef habitat. The protected area was introduced to protect biogenic 
 124
temperate reefs in Lyme Bay, identified as Annex I reef as a feature of European interest. 
Annex I reef is defined as ‘habitats where animal and plant communities develop on rock or 
stable boulders and cobbles’ (Jackson and Mcleod 2000). These reefs cover significant areas of 
the Lyme Bay SI and demonstrate particularly high levels of species diversity (JNCC 2013b). 
Data collected during previous benthic surveys in Lyme Bay identified some of the key species 
expected to occur on these Annex I reefs (Cork et al. 2008; Vanstaen and Eggleton 2011). 
These included dead man’s fingers Alcyonium digitatum, erect sponges Axinella dissimilis, 
Raspailia spp. and Stelligera spp., pink sea fan Eunicella verrucosa, ross coral Pentapora 
fascialis and the white sea squirt Phallusia mammillata (Cork et al. 2008; Vanstaen and 
Eggleton 2011). These Annex I species are typically erect, sessile species that modify the 
marine environment of Lyme Bay by increasing local habitat complexity, potentially 
contributing to Lyme Bay’s biodiversity and helping to support its fisheries (Sheehan et al. 
2013a). 
Some of these sensitive species are known to be particularly susceptible to bottom towed 
fishing (Hinz et al. 2011). Species such as ross coral (Pentapora fascialis) are long lived and 
slow growing with slow recoverability from impact (Jackson et al. 2008). This bioconstructing 
bryozoan is considered to be important for biogenic reef functioning (Stoner and Lewis 1985; 
Lima and Dill 1990; Cocito and Ferdeghini 2001), increasing habitat complexity through 
provision of surface area for settlement and growth, and providing interstitial spaces which 
provide multiple niches and support species (Stoner and Lewis 1985; Lima and Dill 1990; Pirtle 
et al. 2012). Other species, including the pink sea fan (Eunicella verrucosa) and white sea 
squirt (Phallusia mammillata), both large habitat-forming sessile species that are indicative of 
Annex I reef, are considered important in supporting ecosystem function and increasing 
biodiversity. 
Since the Lyme Bay MPA closure, abundances of a number of sessile reef species and the 
diversity of the benthic reef assemblage have increased and shown signs of recovery, in 
comparison to those areas that continue be fished (Sheehan et al. 2013a). These included 
biogenic Annex I reef species, such as the pink sea fan, Ross coral (Pentapora foliacea) and the 
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white sea squirt. Mobile species have also increased since the closure. Most notably, 
abundances of small fish including the Goldsinny wrasse, Ctenolabrus rupestris (Attrill et al. 
2011) and Pouting, Trisopterus luscus (Sheehan, E. V. 2017 Unpublished data) were greater 
inside the protected area. Less mobile species, including the commercially important king 
scallop, Pecten maximus, increased in abundance after three years of closure (Sheehan et al. 
2013a).  It is important that both the sessile reef species and associated mobile species are 
quantified when assessing ecosystem responses to damaging fishing practices. 
The increase of annex I habitat-forming species is developing the complexity of Lyme Bay 
reefs, and this is potentially an important driver in the recovery of biodiversity in Lyme 
Bay ,given the role these species play in providing habitat for benthic mobile species. 
Understanding these responses is imperative when determining the efficacy of an MPA and 
understanding the effects of excluding damaging fishing methods. 
The Lyme Bay MPA, while having removed all bottom towed fishing, is a multi-use MPA which 
permits other types of commercial and recreational fishing to continue, including potting, 
netting and SCUBA diving for scallops (Mangi et al. 2011). Static gear potting is the largest 
commercial fishing method undertaken by fishers still fishing within the Lyme Bay MPA (Mangi 
et al. 2011). Increased productivity within the MPA, combined with reduced conflict between 
fisheries post closure, has led to increases in commercial potting within the MPA (Mangi et al. 
2011; Clover et al. 2012; local Lyme Bay fishermen pers.comm). It is important to highlight 
that the recovery of mobile species within the MPA, shown by Attrill et al. (2011) and Sheehan 
et al. (2013a), has occurred in the presence of commercial potting activity. An increase in 
potting effort could potentially have an impact on this recovery, and put additional direct 
pressure on commercially important mobile target species targeted by potting, and non-target 
mobile species accidentally caught and killed as bycatch.  
3.1.5 The experimental potting study 
In order to fully understand the ecological impacts of increasing potting on benthic reef 
habitats, and to better discern the linkages between benthic reef assemblages and associated 
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biodiversity, it is necessary to assess all components of the ecosystem. Understanding the 
impacts of potting on mobile species and assemblages is necessary if commercial potting is 
allowed to continue, and increase, within Lyme Bay. In order to adequately fulfil assessments 
of commercial potting impacts on benthic habitats at the ecosystem level, an experimental 
potting study was developed and the potting impacts of potting on mobile species and 
assemblages were assessed.  
In 2013, four different potting densities (Control, Low potting, Medium potting, High potting) 
were manipulated in experimental treatments within the Lyme Bay MPA, creating a gradient of 
potting effort. Using static gear fishermen from each port inside the Lyme protected area 
(Beer, Axmouth, Lyme Regis, West Bay), these experimental units were developed. Medium 
potting densities represent current potting levels, while High potting densities represent 
elevated potting effort and Low potting densities represent lower potting effort than current 
levels. Control treatments were treatments where all potting was removed to simulate ‘No 
potting’, incorporated into the studies’ design as controls suitable to measure changes against.  
Unfortunately, during the first winter of this study (2013/2014) sustained unprecedented 
extreme weather hit the area of Lyme Bay. The potting study was interrupted due to the 
movement of potting units, damage to local fishers boats and equipments as well as damage to 
the benthic reef ecosystem (Sheehan, E. V. 2017 Unpublished data). The project was not able 
to be reset for a number of months following, so the study started again and was extended by 
one year. 
As a result, the Lyme Bay protected area is recovering from these weather events (Sheehan, E. 
V. 2017 [Post storm temperate reef recovery] Unpublished data). Commercial potting activity 
may be impacting the recovering of this system by dampening the of extent recovery, but this 
is unknown. Here, the effect of different potting densities on the recovery of mobile species in 
the MPA is assessed.  
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3.1.6 Baited Remote Underwater video (BRUV) sampling 
Monitoring benthic ecosystem components and their responses to human impacts often 
requires in situ non-invasive assessments of species behaviour, interactions and diversity, and 
changes in population structure (Mallet and Pelletier 2014; Bicknell et al. 2016). Historically, 
diver based underwater visual census (UVC) surveys have been used to collect community data 
from sensitive or protected marine areas (Harmelin-Vivien et al. 1985; McCormick and Choat 
1987; Halford and Thompson 1994; Bohnsack et al. 1998). Recent advances in video technology 
have promoted the development of a range of techniques for sampling shallow water macro-
mobile species assemblages. Increasingly, the use of underwater video cameras in ecological 
applications are superseding more traditional sampling techniques for sampling macro-mobile 
fauna, due to their high repeatability, low economic cost and ability to sample over large 
spatial scales (Bicknell et al. 2016). 
Underwater video systems that are operated remotely are being utilised to collect data for 
ecological study (Bicknell et al. 2016). Modern underwater video methods often involve 
deploying underwater video camera systems attached to static frames, often with an 
attractant or bait (Baited Remote Underwater Video (BRUV)) which use bait to draw more 
organisms into the camera field of view (Harvey et al. 2007), with the ability to sample a 
range of marine environments, at a variety of depths (Harvey et al. 2010). Importantly, this 
method of sampling is non-invasive and non-extractive, which lessens disturbance to mobile 
organisms and standardises bias from fish behavioural response variation (Brooks et al. 2011). 
BRUV systems can be used to assess a number of relative abundance indices for mobile 
assemblages, including time of first arrival (Priede and Merrett 1996), total number of 
individuals seen at any one time (Willis et al. 2000; Malcolm et al. 2007) and species richness 
and diversity of the assemblage (Cappo et al. 2006). In comparison to diver-based surveys, 
studies found that BRUVs recorded a higher number of species than divers (Langlois et al. 
2010). It was also found that BRUVs documented a higher number of carnivorous species, 
without compromising the number of herbivorous species seen (Watson et al. 2005; Harvey et 
al. 2007). Further analysis found that BRUV systems sample greater abundance and diversity of 
 128
reef fish when compared to diver-operated video surveys (Harvey et al. 2002; Watson et al. 
2005). It is accepted that the addition of bait incorporates its own areas of bias (Brooks et al. 
2011); however, when standardised, this cost effective approach is considered a suitable 
approach to monitor macro-mobile assemblages (Harvey et al. 2007). 
Chapter Two employed towed underwater video sampling to quantify the impacts of potting on 
sessile reef species and assemblages in response to an increase in potting density. However, 
this method is considered unsuitable for quantifying benthic macro-mobile faunal species and 
assemblages. Many benthic macro-mobile species may occupy waters just above the benthos 
which are missed by towed underwater video, plus shy mobile species often take refuge under 
rocks and would therefore be missed. In order to representatively sample benthic macro-
mobile species, a Baited Remote Underwater Video (BRUV) approach was chosen. 
3.1.7 Study aims 
The effect of different potting densities on recovering benthic macro-mobile species and 
assemblages in the Lyme Bay MPA is assessed in this study. The following response variables 
were compared between Treatments (Control, Low, Medium, High) and Years (2014, 2015, 
2016): total abundance, species richness (total number of taxa), assemblage composition, and 
pot caught species, plus individual mean abundances of non-commercial Indicator species and 
commercial Indicator species (partially predefined by Jackson et al. 2008). Baited Remote 
Underwater Video (BRUV) data were used to assess these response variables. It is expected 
that as potting density increases, the recovery rate of the response metrics will decrease (Fig. 
3.1). The following hypothesis was tested for the response variables: 
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         H1 = Control > Low > Medium > High 
3.2 Methods  
3.2.1 Study site and design 
The location and set up of the study follows the methods described in Chapter 2 (2.2.1-2.2.2) 
3.2.2 Baited Remote Underwater Video (BRUV) data collection 
BRUV rigs were used to record HD video samples. This technique has been used to quantify 
macro-mobile species and assemblages (easily visible and identifiable from BRUV) in previous 
studies in Lyme Bay (Attrill et al. 2011; Sheehan, E. V. 2017 Unpublished data). BRUV rigs were 
deployed by both Miss Pattie (fishing vessel) and Blue Turtle (charter dive vessel), based out of 
the port of Lyme Regis. Each rig was attached to numbered surface marker buoys indicating 
replicate number. 
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Figure 3.1 Hypothesis (H1 ) for response variables for benthic macro-mobile species and 
assemblages in the experimental potting study
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mackerel as an attractant, and this was renewed for each replicate. Each rig had two 15 kg 
lead weights attached to their base to ensure successful landings and provide stability against 
tidal currents.  
Two sites were randomly predetermined within each experimental area (Fig 3.4), and at each 
site three replicate BRUV rigs were deployed simultaneously. Deployed BRUV rigs were left 
static on the seabed for a minimum of 35 minutes. A 35 minute ‘soak’ time was considered 
suitable to allow a standardised 5 minute ‘settling’ period and a 30 minute video sample to be 
extracted. 30 minutes was decided based on species accumulation curves analysed as part of 
previous baited video work in Lyme Bay (Sheehan. E. V. unpublished data). These timings 
provided time for disturbed sediment to settle and an olfactory trail to be established. Site 
depths and sea surface temperatures varied from 25.4m - 28 m  and 14°C - 18.4°C. Time in, 
time out and GPS locations were recorded for each sample. This was repeated for each of the 
16 experimental units in a randomised fashion (Fig. 3.4). 
 132          Figure 3.4 Locations of BRUV video sites within experimental treatment units 
Control area
3.2.3 BRUV analysis  
Analysis was visually conducted post hoc, and BRUV video samples were used to identify and 
quantify all benthic macro-mobile fauna (see Appendix table C5 for full species list). From 
each 30 minute sample quantitative data were extracted using normal speed playback, during 
which all macro-mobile species entering the field of view were recorded (Fig. 3.5). Counts 
were performed for each one minute segment of video (maxN), to ensure that recorded 
individuals seen multiple times within frames were not over represented (Willis and Anderson 
2003). One minute counts were then averaged over the 30 minute period to provide a mean 
maxN. Mean maxN has been shown to be comparable to standard MaxN and have been 
experimentally tested and shown to produced similar results at distinguishing between high 
density and low densities, particularly when abundances are naturally high (Stobart et al. 
2015). Analysis was undertaken blind as videos were selected for analysis at random with no 
indication of video location, site or treatment. These methods were adapted from existing 
baited video assessments previously undertaken in Lyme Bay (Sheehan et al. 2013a,b; Stevens 
et al. 2014; Sheehan et al. 2017 In prep). 
Species were identified to the lowest taxonomic rank possible. Due to difficulty in 
identification, all goby species were identified under Gobies, while all ophiuroids species were 
classed under the class of Ophiuroidea. Inachus and Macropodia are hard to identify to 
species, and so are recorded as Inachus spp. and Macropodia spp. respectively (see Appendix 
table C5). 
Extremely high abundances of Ophiuroidea spp. were recorded during analysis, due to the 
occurrence of very dense brittlestar aggregations in a number of sites between 2014-2016. As 
these are not (a) highly mobile species and not (an) Indicator species, Ophiuroidea spp. were 
removed from the final analyses. 
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al. 2010). These species were considered to represent a range of life histories and 
recoverability, in response to fishing disturbance (Jackson et al. 2008; Langmead et al. 2010). 
Existing information on the responses of some of the macro-mobile species, present in Lyme 
Bay, to disturbance is available (Biological Traits Information Catalogue - BIOTIC). The 
underpinning traits that might control species responses to disturbance were incorporated into 
a biological traits analysis. This analysis classed taxa into ecological groups that represent the 
expected responses of those species to fishing disturbance (Jackson et al. 2008). 
This indicator species list has been applied in this study, and modified based on presence/
absence of the indicator species in the from BRUV video analyses (Table 3.1). Indicator species 
were split into two subsets. Four indicator species from Jackson et al. (2008), plus the two 
most abundance species identified from BRUV analyses (Trisopterus minutus and Scyliorhinus 
canicula) were taken forward as Non-commercial Indicator Species, a total of six species from 
three different phyla (Table 3.1; Appendix table C5). 
A further two of the indicator species from Jackson et al. 2008 (Cancer pagurus and Homarus 
gammarus) are key target species of commercial potting. These, in combination with the 
common spider crab (Maja Squinado), a species that dominate commercial pot catches (see 
Chapter Four), were analysed as Commercial Indicator Species (Table 3.1; Appendix table C5). 
Table 3.1. Selected indicator species for BRUV video analysis and associated life history 
and recoverability traits where available (Adapted from Jackson et al. 2008). Asterisk 
denotes the most abundance species from BRUV analyses to be used Indicator species  
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Species Indicator species 
subset
Phylum Lifespan 
(years)
Growth 
(cm year-1)
Recoverability
Asterias rubens Non-commercial Echinodermata 6-10 yrs 1-2 High
Pollachius pollachius Non-commercial Chordata >11yrs 3-5 High
Necora puber Non-commercial Crustacea 6-10 yrs 1-2 Medium
Labrus bergylta Non-commercial Chordata >11yrs >5 Medium
Trisopterus minutus* Non-commercial Chordata No information No information No information
Scyliorhinus canicula* Non-commercial Chordata No information No information No information
Cancer pagurus Commercial Crustacea >11yrs <1 Medium
Homarus gammarus Commercial Crustacea >11yrs 3-5 High
Maja squinado Commercial Crustacea No information No information No information
3.2.6 Data analysis 
Permutational Multivariate Analysis of Variance (PERMANOVA+ using PRIMER v7 software 
package) was used to test for changes in the response variables (total abundance, species 
richness, assemblage composition and pot caught species). Individual mean abundances of 
Non-commercial indicator species and Commercial indicator species were also tested. All 
response variables were tested between Treatments (Control, Low, Medium and High) across 
all Years (2014, 2015, 2016). Analyses of response variables were tested using BRUV data. For 
analyses of indicator species, BRUV data used six species.  
The strength of the survey design controlled for covariate factors that might occur (such as 
depth) by siting experimental units in areas comparable in their abiotic conditions. 
PERMANOVA is robust to datasets with many zeros, and allows the testing of interactions in 
complex multifactorial designs with multivariate or univariate data. Multivariate data 
(assemblage) were square root transformed to allow rare species to contribute, while down-
weighting the contribution of highly abundant species. Bray-Curtis similarity indices were 
calculated to construct a similarity matrix between sites. Visualisation of assemblage 
composition was achieved using non-metric Multi-Dimensional Scaling (nMDS), with an overlay 
bubble plot for the top three contributing phyla. Univariate data (total abundance, species 
richness and Indicator taxa abundances) were log10 (x+1) transformed, and Euclidean distance 
similarity matrices between sites were calculated. 
To deal with reduced independence of closely deployed strings, string replicates included 
within Area as a random factor in the analytical PERMANOVA design. The analytical design 
therefore had three factors: Year (fixed: 2014, 2015, 2016), Treatment (fixed: Control, Low, 
Medium, High) and Area (random: Beer, Axmouth, Lyme Regis, West Bay) (Fig. 3.6). 
Each term in the analyses used 9999 permutations of the appropriate units. Multi-level 
significant interactions were tested using PERMANOVA pairwise tests. P values of <0.05 were 
used to denote significance. Statistically significant interactions were investigated further 
using post-hoc pairwise comparisons in PERMANOVA+. 
 136
3.3 Results 
A total of 288 individual BRUV samples were collected between 2014 - 2016. Of these, only 
four videos were considered unusable due to technical difficulties or poor footage, two in 2014 
and two in 2016. 49 Macro-mobile species were identified across the three years from five 
different phyla (Appendix table C5). The most abundant species were whiting, Trisopterus 
minutus (1.06 mean maxN) and the small-spotted catshark, Scyliorhinus canicula (0.87 mean 
maxN). 
Total abundance 
The greatest mean abundance was seen in the High treatment in 2015 (2.3316 ind. per min ± 
0.38) while lowest abundance was in the High treatment in 2014 (1.392 ind. per min-1 ± 0.104). 
Significant differences between Year (P = 0.0001) were found, and a significant Year x 
Treatment interaction (P = 0.0041; Appendix table C1a) indicated that species abundances 
between treatments varied over time. Macro-mobile abundance increased in three treatments 
(Control, Medium, High) between 2014-2015 and then decreased in 2016, while abundances in 
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Figure 3.6 Visual representation of full analytical design
the Low treatment did the inverse, which contributed to the significant interaction (Pairwise 
(2015: Low, High P = <0.05; Appendix table C1a). In 2016 all treatments had similar 
abundances (Fig. 3.7). 
Species richness 
Greatest species richness was seen in the Medium treatment in 2015 (2.648 species ± 0.076), 
while lowest was seen in the High treatment in 2014 (2.173 species ± 0.104). Significant 
differences between Year (P = 0.0038) were found, but no significant Year x Treatment 
interaction (P = 0.0041; Appendix table C1b), suggesting that species richness was similar 
between treatments and did not vary over time. All treatments increased in species richness 
between 2014 and 2015 and then decreased between 2015-2016 (Fig. 3.8).  
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Figure 3.7 Relative abundance (Mean ± SE) for all macro-mobile species in all 
treatments (Control, Low, Medium, High) across all years (2014-2016) 
Assemblage composition 
Assemblage composition was significantly different for factors Year (P = 0.0001) and Area (P = 
0.0001) (Appendix table C1c). There was not, however, a Year x Treatment interaction, 
suggesting that assemblages between treatments did not differ significantly over time. The 
nMDS plot showed the clear differences in all treatments between Year in 2014, as 
assemblages in 2014 were all shifted away from subsequent years, and this was driven by less 
Echinoderm species (Fig. 3.9). In 2015 and 2016 treatments remained clustered and did not 
appear to diverge from each other (Fig. 3.9). While all assemblages showed an increase in the 
proportion of Echinoderms over time, proportions of crustaceans also increased in Control 
treatments. 
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Figure 3.8 Species richness (Mean ± SE) of all macro-mobile fauna in all treatments 
(Control, Low, Medium, High) across all years (2014-2016) 
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 3.3.2 Indicator species  
Non-commercial indicator species  
Of the six Non-commercial indicator species analysed, only the Ballan wrasse (Labrus bergylta) 
showed a consistent recovery trend (Fig. 3.11). Whiting (Trisopterus minutus) showed an 
increase in abundance over time in the High treatment, while all other treatments remained 
fairly consistent to levels seen in 2014. Only T. minutus and the common starfish (Asterias 
rubens) showed significant differences between any of the factors (T. minutus: Year P = 
0.0052, Area P = 0.0001; A. rubens: Year, P = 0.0234; Area, P = 0.0002; Appendix table C4). No 
species showed a Year x Treatment interaction, suggesting no effect of treatment on 
abundance over time. 
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Figure 3.10 Relative abundance (Mean ± SE) for macro-mobile species targeted by potting, 
in all treatments (Control, Low, Medium, High) across all years (2014-2016) 
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Figure 3.11 Relative abundance (Mean ± SE) of macro-mobile non-commercial Indicator 
species per treatments (Control, Low, Medium, High) across all years (2014-2016)
Commercial Indicator species 
Of the commercial indicator species, abundances in 2016 were seen to be similar for all 
treatments for brown crab (Cancer pagurus), while the European lobster (Homarus gammarus) 
showed a notable increase in the Control treatment although this was highly variable and not 
significant (Fig. 3.12). The spider crab (Maja squinado), while variable in 2014, showed a slight 
trend towards recovery in 2016 in Control and Low treatments but again this was not 
significant (Fig. 3.11). There was a significant Year x Interaction for M. squinado however this 
was driven by larger abundances seen in Low 2014 (Appendix table C3, Fig 3.12) 
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Figure 3.12 Relative abundance (Mean ± SE) of macro-mobile key commercial 
Indicatorspecies per treatments (Control, Low, Medium, High) across all years (2014-2016).
3.4 Discussion 
Following the ban on bottom towed fishing in Lyme Bay in 2008, the protected benthic 
habitats of this area have been in recovery. This has had some impact on benthic associated 
mobile species, which have increased following the closure (Sheehan et al. 2015). These 
increases in abundance and diversity have occurred within an MPA that permits commercial 
potting to continue within its boundaries, and this industry has additionally shown signs of 
increase following a cessation in bottoms towed fishing. In this current study, the impacts of 
increasing potting density on the recovering benthic macro-mobile species and assemblages 
were assessed. It was hypothesised that as potting density increases, the recovery rate of the 
measured response variables would decrease. The variables were measured in each treatment 
(Control, Low, Medium, High) across three years (2014, 2015, 2016) to determine whether this 
hypothesis could be accepted. 
Abundance and species richness of all macro-mobile species did not differ over time, with 
abundance highly temporally variable between treatments. While some treatments increased 
between 2014 and 2015, the trends were not consistent. For these response variables the 
hypothesis, which required increasing potting densities to sequentially decrease the response 
variable, is not supported. Initial abundance and species richness increases are likely a 
response to recovery from bad weather, and increasing density of potting does not seem to 
impact the responses. Macro-mobile species assemblage compositions changed over time, 
largely driven by changes in Echinoderm numbers, but they did not show a response to 
treatment. In 2016, the proportion of crustaceans was greater in Control and Low treatments 
in comparison to Medium and High Treatments; however, overall, treatments remained largely 
similar to each other. We conclude macro-mobile assemblages were changing irrespective of 
potting density treatments and do not accept the hypothesis based on these responses. 
Abundances for species targeted by commercial potting were dominated by the brown crab, C. 
pagurus. This species showed a large increase in all treatments between 2015 and 2016. C. 
pagurus dominates catches from pots in Lyme Bay; however, from BRUV data it is concluded 
that this species is not being impacted by an increase in potting density. The two other species 
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that dominated catches from pots included H. gammarus and M. squinado; however, landings 
of these species in Lyme Bay, and other ports, is far less than that of C. pagurus. This is 
influenced by two factors. For H. gammarus rarity plays an important role in the landings, on 
the other hand, of this species, as fewer are caught in comparison to C. pagurus when 
standardised by catch per unit effort. M. squinado landings are influenced by market 
availability, and this species currently lacks suitable marketability both nationally and 
internationally. Landings from pots of M. squinado are therefore relatively small. Despite these 
species being retained less by commercial potting, a positive trend of recovery over time was 
shown; however, this was marginal and variable. In 2016, H. gammarus showed an increase in 
Control areas, suggesting that this species was benefiting from a cessation in potting. However 
,similar stochastic changes were seen in the High potting treatment in 2015 and so further 
study is required to determine the reliability of an increase in these rarer species. It should be 
noted that these large crustaceans exhibit more reserved behaviour towards BRUV than other 
species, particular during a 30 minute sample period. This could potentially be due to reduced 
chemical cue response time, a reluctance to move from protective habitats or simply lower 
mobility. Therefore BRUV sampling may not be sufficient for measuring these species and more 
representative quantitative sampling may be required.  
Of the six non commercial Indicator species analysed, none displayed a recovery trend to fit 
the hypothesis. Species abundances were highly variable, with some species (e.g. L. bergylta) 
showing an increase over time, while others (e.g. N. puber) showed a decrease over time. 
However there were no effects of treatment for any of the tested indicator species.  
Changes to macro-mobile species have been assessed here as part of an ecosystem assessment 
of the impacts of potting within a recovering MPA. It was hypothesised that recovery trends of 
macro-mobile species would decrease with increasing potting, through direct and indirect 
impacts. Direct harvesting of commercially important species over three years could result in a 
decline in the abundance of these target species, as well as increasing mortality of 
incidentally caught non-target bycatch. Macro-mobile communities are influenced by benthic 
habitats, and interrelatedness between sessile and mobile assemblages had previously been 
demonstrated (Auster et al. 1997; Collie et al. 1997; Ellis and Shackley 1997; Blanc et al. 
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1998; Payne et al. 1998; Jonsson et al. 2001; Bradshaw et al. 2003). Increased structural 
complexity associated with habitat-forming sessile species provides beneficial resources for 
mobile species, including increased protection from predation, food and nursery areas (Collie 
et al. 1997; Bradshaw et al. 2003; Howarth et al. 2011). Many mobile species also use upright 
sessile structures to build nests and lay eggs, or for larval settlement (Ellis and Shackley 1997; 
Blanc et al. 1998; Boletzky 1998; de Montaudouin and Sauriau 1999; Bradshaw 2003; Howarth 
2011). Damage to these habitat-forming species and a decline in their abundance may have 
knock-on impacts on species that utilise them, particularly mobile species. It would be 
expected that over time, High potting density, if damaging, would impact the benthic sessile 
reef species and the benefits they provide, leading to a decrease in mobile species and 
assemblages, and that the opposite would be true for Control areas of no potting. This has not 
been shown here, however, negative impacts of potting on macro-mobile species are not ruled 
completely out. 
From previous studies in Lyme Bay, positive recovery trends for sessile species were only 
observed around two to three years after protection, while macro-mobile species only showed 
a positive response after four years (A. rubens and N. puber), excluding the king scallop 
(Pecten maximus) (Sheehan et al. 2013a). The timescale for recovery of mobile species in 
protected areas has previously been shown to be in the region of over five years (Kurlansky 
1997; Gell and Roberts 2003; Marra 2016), and this is particularly the case for slower moving 
benthic mobile species, such as crab and lobster species (Kelly 2000; Goñi et al. 2001; Gell and 
Roberts 2003). This is potentially due to a lag in mobile species recruitment, occurring only 
after sessile habitat-forming species are present (Bradshaw 2003; Shears and Babcock 2003; 
Breen 2015). In the context of this study, any impacts and declines in abundance of associated 
mobile species are likely to align with these timescales. Therefore the duration of this study 
may not be suitable for quantifying changes in macro-mobile species abundances. 
In summary, the results here after three years of potting density manipulation indicate no 
impacts on recovering macro-mobile species, and are highly variable in space and time. There 
is some indication of positive trends towards increased recovery for some species (M. 
squinado, H. gammarus) in areas where potting is removed (Control), but further study is 
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required to make meaningful conclusions on these trends. This is consistent with timescales of 
other benthic impact studies, most of which concluded that observed impacts on mobile 
species extend into decadal timescales (Gell and Roberts 2003; Babcock et al. 2010). This is 
particularly relevant if impacts on sessile biogenic habitat-forming species continue as a result 
of commercial fishing pressures.  Based on this evidence it is therefore important that further 
study continues, as and areas where potting is removed may play a crucial role in increasing 
the abundance of commercially important macro-mobile species. 
3.4.1 Implications of results 
It has been shown for a number of recovering macro-mobile species, subsets and selected 
indicator species that there was no observed impact of increasing potting density on the 
relative abundance, species richness and assemblage composition over three years. 
Commercial potting is currently considered to have benign ecological impact, and the 
evidence presented here would appear to support this, for macro-mobile species. However, 
the potential limitations of this study’s duration mean that potential impacts of potting on 
mobile species should not be ruled out entirely, particularly when commercial potting activity 
may be increasing.  
Managers need to understand the interaction between potting and the marine ecosystem, so 
that commercial potting can be sustainably and responsibly managed in sensitive protected 
areas. The importance of benthic biogenic reef habitats in the maintenance of wider 
associated benthic communities cannot be ignored, and the indirect effects of any direct 
impacts of potting on benthic habitat-forming species should be considered when managing 
this fishery. It is important that the associated communities that contribute to ecosystem 
function, and providing benefits to commercial fisheries, are not impact by fishing pressures. 
If they are, this could compromise the efficacy of multi-use MPAs for the ecosystem-based 
approach to marine management.  
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3.5.2 Conclusions 
BRUV has been used to assess recovering benthic macro-mobile species and assemblages, in 
response to increasing potting activity, in the Lyme Bay MPA. Most of the assessed response 
variables did not show evidence of any impact related to increasing potting density. This may 
be due to a lag in the response of mobile species interactions to changes in benthic habitats, 
or because the duration of the study was not long enough. However, with further study it is 
hoped that trends will become clearer, and more meaningful conclusions can be drawn. As a 
result, the impacts of commercial potting on macro-mobile species and assemblages should 
not be ruled out entirely. In addition, evidence presented here highlights the potential 
importance of areas of no potting for increasing the abundances of certain species, including 
those of commercial importance,  
BRUV, while a good sampling technique for monitoring macro-mobile assemblages, is restricted 
by species behaviour and the quantification of rarer or reclusive species. It should be noted 
that for several commercially important species targeted by potting e.g. (C. pagurus, H. 
gammarus), more suitable sample methods would be required to determine the direct impacts 
associated with an increase in fishing effort on these species in particular.  
Ecosystem-based management has a role in ensuring that Lyme Bay and other multi-use MPAs 
that still permit commercial potting, continue to maintain and provide dual benefits for both 
fisheries and conservation, through protection from damaging and disturbing forms of fishing 
(Christensen et al. 1996; Larkin 1996; Jennings and Kaiser 1998; CBD 2011; Garcia et al. 2014). 
It is down to management regulators to decide what level of impact is considered enough to 
compromise achieving the defined MPA management goals. The UK is committed to achieving 
GES by 2020 as part of the MSFD (Directive 2008/56/EC), and is currently undertaking 
assessments of its MPAs. In the Tett et al. (2013) review, GES is defined to be that ‘condition of 
a system that is self-maintaining, vigorous, resilient to externally imposed pressures, and able 
to sustain services to humans’. This is achieved through the maintenance of healthy organisms 
and populations, and adequate functional diversity and functional response diversity (Tett et 
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al. 2013). If marine systems are consistently exposed to anthropogenic pressures then there is 
a risk of shifting baselines and a loss of services provided by healthy ecosystems (Tett et al. 
2013). It is important that this is avoided in the case of commercial potting, and that the 
knock-on consequences on mobile species, although not demonstrated here, continue to be 
assessed in the face of increasing commercial potting activity.  
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Chapter Four: Fisheries (Part A)  
Assessing the impacts of increasing potting density on target fishery species and 
associated bycatch 
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This chapter assesses the fisheries impacts of increasing potting densities on commercial species 
targeted by potting, with a particular focus on Brown Crab (Cancer pagurus, Linnaeus 1758) and 
European Lobster (Homarus gammarus, Linnaeus 1758). A quantitative potting methodology is 
used to assess the changes in abundance over time of the target species and associated bycatch. 
The aim was to ascertain a density of potting that does not negatively impact target and bycatch 
species, but permits commercial potting to continue within an MPA. 
4.1 Introduction  
Marine ecosystems play an important role providing resources and services that can have both 
direct and indirect benefits on human wellbeing (de Groot et al. 2010). Healthy marine 
ecosystems have been shown to help maintain and enhance local biodiversity, through the 
provision of resources including food, shelter from predation and suitable habitat for settlement 
and development (Bradshaw et al. 2003; MEA 2005; Hattam et al. 2015). Economically, fisheries 
are considered to be one of the most valuable resources associated with marine ecosystem 
functioning, through the exploitation of biodiversity by commercial fishing (Garcia et al. 2003). 
Open access fisheries have been, and continue to be, heavily overfished (Pauly et al. 2005). 
Impacts from overfishing are identified as the main threats to global fish stocks, even in the face 
climate change related impacts (Pauly and Zeller 2016). Globally, as the efficiency of commercial 
fishing has improved, effort has also increased (Pauly et al. 2005). The FAO reported that in 2013 
global marine fishery landings (excluding aquaculture) peaked at 86.9 million tonnes, marking a 
new maximum level for fisheries exploitation (FAO 2014). This level of activity is not sustainable, 
as stocks of many marine species are currently at historically low levels as a result of overfishing 
(Pauly et al. 1998). The majority of the world’s fisheries are perceived to be unsustainable and 
currently 90% of the global fish stocks are considered to be over or fully exploited (FAO 2016). 
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4.1.1 Management of fisheries 
Overfishing has continued even in the face of national and international management measures 
introduced to control and reduce fisheries exploitation (Worm et al. 2006; Halpern et al. 2008). 
The failings of previous approaches to management have caused major concerns regarding the 
future of most global marine fisheries. As a result, management is moving towards a more 
ecosystem-based approach aimed to achieving a ‘win-win’ for conservation and fisheries (Gaines 
et al. 2010; CBD 2011; Garcia et al. 2014). Marine Protected Areas (MPAs) are integral tools for a 
holistic approach to management, and are used to protect whole ecosystems rather than just 
individual species (Kelleher 1999; Dudley 2008). The benefits of incorporating fisheries 
management with conservation management, using MPAs, are being increasingly recognised (Gell 
and Roberts 2003; Kaiser 2005; Wood et al. 2008). 
Approximately 2% of the world oceans are actively protected in either MPAs or Marine Reserves, 
while only 1.6% are considered as ‘strongly’ protected, meaning they have been designated no-
take areas or reserves (Wood et al. 2008; Lubchenco et al. 2003). MPA designations are set to 
increase following the international CBD agreements committing 192 countries, of which the UK 
is one, to meet Aichi Biodiversity target 11 of protecting 10% of all coastal and marine waters 
globally by 2020 (CBD 2011). In addition the UK is committed to achieving Good Environmental 
Status (GES) of its regional seas, also by 2020, as part of the Marine Strategy Framework 
Directive (MSFD), with a remit of protecting the economic and social benefits that regional seas 
provide (European Commission 2008; MSFD; 2008/56/EC). This legislature outlines that activities, 
including fishing, can only occur in UK MPAs if they do not impact site integrity (see Rees et al. 
2013), meaning that sites must support the protected species and not compromise long-term 
survivorship (EU Habitats Directive 92/43/EEC).  
Within UK MPAs, management of activities are currently being assessed. Fishing activities that 
compromise the management objectives of MPA designations are to be managed accordingly if 
permitted to continue inside MPAs, or removed from within the MPA altogether (Defra 2013a). 
No-take MPAs exclude all activities, while ‘multi-use’ MPAs employ various management measures 
and usually permitting some activities to continue within MPA boundaries.  
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Fisheries management within multi-use MPAs varies with fishing method, intensity and the 
compatibility of fishing with the species and habitats being protected by the MPA. In some UK 
MPAs, management measures have been imposed on bottom towed fishing, which is damaging to 
sensitive habitats and can reduce abundance and diversity of flora and fauna, alter habitat 
complexity and impact fundamental ecological processes (de Groot and Lindeboom 1994; Hall 
1999; Hall-Spencer et al. 2002; Hiddink et al. 2006; Hinz et al. 2009). Many studies have 
demonstrated the ecological benefits associated with removing bottom towed fishing and the 
knock-on benefits on ecosystem services (McClanahan and Graham 2005; Hinz et al. 2009; 
Sheehan et al. 2013a; Lambert et al. 2014). As a result, bottom towed fishing has been excluded 
from inside many UK multi-use MPAs (Rogers 1997; Axelsson et al. 2009; Sheehan et al. 2013a); 
while other types of commercial and recreational fishing activities considered to have lesser 
impacts on ecosystems have been permitted to continue.  Few studies, however, have looked 
at ecological changes associated with many of these permitted fisheries. 
4.1.2 Commercial potting 
Static gear fishing is considered a ‘passive’ fishing method, in comparison to ‘mobile’ fishing 
methods characterised by demersal dredging and trawling. Static gear fishing can include potting 
for shellfish, fish and other species, netting for demersal and pelagic fish and line fishing for 
various fish species (FAO 2017). In the UK, potting fisheries target many species, but crab 
species, lobster species, whelk and cuttlefish are of high economic value (MMO 2015). A large 
proportion of the UK’s fishing fleet operates partially or completely within the potting sector 
(NUFTA 2013) and, while the quantity of UK commercial fishery landings from UK vessels is 
highest in the demersal sector, shellfish is the most valuable per tonne; with shellfish 
contributing 45% to total value of all UK landings in 2015 (MMO 2015).   
It is accepted that static gear fisheries are less damaging to benthic habitats, more ecologically 
selective and less intensive (Eno et al. 1996; Coleman et al. 2013; Defra 2013a; Grieve et al. 
2014). As a result, multi-use MPAs throughout the UK predominantly permit these methods of 
commercial fishing to continue within their boundaries (Blyth 2004; Defra 2013a). 
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In the UK potting is unregulated and, unlike trawling, most target species are not restricted by 
quota, effort is not regulated (time at sea/number of pots) and, for under 10 m vessels, there is 
no legal requirement to report catches or landings (Council regulation (EU) No. 1380/2013). The 
UK enforces European technical measures as part of its commitment to the Common Fisheries 
Policy, including Minimum Conservation Reference Sizes (MCRS), specifications for design and 
use of gears and landing regulations (Council Regulation (EU) (No 1380/2013) and restrictions 
on landing egg bearing (ovigerous) females for most target species, particularly for crustacean 
species (Council Regulation (EU) (No 1380/2013); Beddington et al. 2007). Some of the regional 
Inshore Fisheries and Conservation Authorities (IFCAs) also enforce additional types of 
management measures within their districts. 
There are very few examples of commercial potting effort restrictions in the UK. Pot limits are 
enforced in the Sussex IFCA (300 pots), Northumberland IFCA (800 pots), while a voluntary limit 
of 250 pots set in the Lyme Bay MPA working group Code of Conduct (CoC) is currently being 
trialled. Escape gaps are plastic gaps which allow juvenile individuals to escape if caught and are 
mandatory in three IFCA districts, including Devon & Severn, and as a voluntary measure by 
Southern IFCA. This means in the western ‘half’ of the Lyme Bay MPA, the use of escape gaps is 
mandatory, and in the eastern half it is voluntary (see Figure 4.1 for district boundaries in Lyme 
Bay). There are also the examples of zoned spatial management such as the South Devon Inshore 
Potting Agreement (IPA) (Blyth-Skyrme et al. 2006). 
4.1.3 Changes in commercial potting effort 
An increase in fishing effort inside MPA boundaries after designation has been observed in a few 
MPA studies (Cadiou et al. 2009; Cunha et al. 2011; Lédée et al. 2012). The removal of one type 
of fishery can reduce competition between fishers and increase the available for space for 
fishing. Target species have also been shown to benefit from a cessation of damaging commercial 
fishing and thrive in protected habitats (Holland 2000; Sanchirico et al. 2002;  Boncoeur 2004; 
Hoskin et al. 2011; Moland et al. 2013; Sheehan et al. 2013a, 2015; Rees et al. 2016). Reduced 
conflict, increased resource availability, better catch quality and quantity of target species could 
lead to an increase of effort in commercial pot fisheries within MPAs (Vaughan 2017). Increases 
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may be seen in ‘effort’, including greater number of days spent at sea per fisher, more gear being 
deployed and a greater number of vessels fishing (Mangi et al. 2011).  
The removal of bottom towed gear can be particularly beneficial to static forms of commercial 
fishing, as conflict often occurs between these mobile and static fishing practices in areas where 
both methods of fishing are allowed (Mangi et al. 2011). The removal of bottom towed fishing 
could result in the commercial potting sector becoming a lucrative and attractive fishery to both 
existing fishermen, and to fishermen displaced by the introduction of MPAs and management 
restrictions (Mangi et al. 2011; Newman et al. 2012; Rassweiler et al. 2012; Stevenson et al. 
2012; Vaughan 2017). 
Increases in potting activity in inshore MPAs have been recorded in some areas of the UK (Mangi 
et al. 2011; Newman et al. 2012; Cefas 2014), while landings of species caught by commercial 
potting have steadily increased over the past 25 years (MMO 2015). Concerns have recently 
been raised in response to this increase in effort: this unrestricted fishery could lead to an 
increase in commercial effort, before the fishery impacts associated with current levels of 
commercial potting are fully understood.  
4.1.4 Lyme Bay 
Lyme Bay, South West, England (See Figure 1.6a, Chapter One), has a rich fishing history and a 
substantial fishing fleet has occupied its waters for over 150 years (Fox 2001). Potting, netting 
and other types of commercial and recreational fishing have been allowed to continue within this 
recovering MPA, making the Lyme Bay MPA multi-use (MMO 2015). Potting has a long history in 
southwest England in which brown crab has been the most dominant fishery (MMO 2015). Parlour 
pots, Inkwell pots, cuttlefish pots, and whelk pots are commonly used throughout the Lyme Bay 
region. In the Lyme Bay MPA, potting is now the dominant fishery (Mangi et al. 2011; Rees et al. 
2016), with each fishing port inside the MPA hosting a number of licensed commercial potting 
fishing vessels, the majority of which fish inside the MPA (MMO 2015). 
In Lyme Bay, whelk (Buccinum undatum) potting is the most profitable. Whelks are associated 
with flat, soft, muddy substrates, often in areas of high turbidity (Lawler and Vause 2009), the 
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habitat on which the majority of Lyme Bay commercial whelk potting is concentrated occurring 
mostly outside the MPA boundary (Cefas 2011b; Local fisherman pets comms.). However, brown 
crab and European lobster are high value commercial species targeted by potting in Lyme Bay, 
contributing to almost 90% of landings (Table 4.1). In the UK, 72% of all brown crab and European 
lobster landings were from pots in 2014. This equates to around 29,000 tonnes of brown crab 
valued at £38 million and 3,100 tonnes of European lobster with a value of £30.8 million (MMO 
2015). 
Table 4.1. Total value (over £1000) of landed species, and gear type, into Lyme Bay 
2005-2010, descending order. Adapted from UK Sea Fisheries Statistics 2015 (MMO 2015) 
4.1.5 Commercial potting - target species 
4.1.5.1 Brown crab 
A common decapod crustacean, the brown crab (Cancer pagurus) has a wide distribution around 
north-west Europe, and can be found around the entire coastline of Britain and Ireland recorded 
up to depths of up to 100 m (Wilson 1999). It can be referred to as ‘brown’ ‘edible’ or ‘cancer’ 
crab but for the purposes of this study it shall be referred to using it’s scientific name as ‘brown 
crab’. The largest crab in the UK, these carrion scavenger species average 150 mm (carapace 
width); however some individuals can grow up to 250 mm (Neal and Wilson 2008). On average, 
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Species Landed Gear type Value 
(£)
Whelks Pots and traps 1031057.5
Brown crab Pots and traps 298976.3
Lobster Pots and traps 286711.0
Cuttlefish Pots and traps 143184.3
Spider crab Pots and traps 24249.1
Shrimps and Prawns Pots and traps 22474.2
Velvet crab Pots and traps 4079.4
Scallops Demersal trawl/seine 2580.8
Conger Eel Drift and fixed nets 1515.5
Bass Drift and fixed nets 1225.6
brown crab can live around 20 years and typically reproductive maturity is reached after 10 years 
development (Wilson 1999). Male crabs become reproductively mature at a carapace width (CW) 
of 110 mm, while females develop slower as maturity at 127 mm CW (Neal and Wilson 2008). 
Brown crab reproduction takes place during the winter months, where male crabs copulate with 
a newly moulted receptive female. Eggs are carried under the abdomen and egg-bearing females 
are termed ‘berried’. Up to 20 million larvae can be released per individual crab, which are 
planktonic for an average of 30 days until settlement occurs in the intertidal zone (Neal and 
Wilson 1989). Development takes place in the intertidal zone until carapace width reaches 
60-70mm (3 years) and then migration to the subtidal occurs for adult development (Wilson 
1999). Like all decapod species, growth occurs over a number of moult stages (Keltz and Bailey 
2010). Growth rate can vary between 1-10 mm a year depending on age, sex, water depth, water 
temperature and predation risk (Brown and Bennett 1980), while growth rates usually decrease 
with age, as intermoult phase duration can reach up to four years (Keltz and Bailey 2010). 
Vulnerability is highest immediately after moult phases when crabs are often preyed upon by 
large fish, marine mammals and other conspecifics (Lawton 1989). As a result, brown crab are 
typically found living in areas of coarse, rocky, substrata where rocky ledges and boulders provide 
suitable protective habitat (Wilson 1999). 
Management 
Brown crabs are currently classified as ‘not threatened’ and have no dedicated conservation 
action. In the UK crab fisheries are yet to have total allowable catch (TAC) or quota restrictions 
placed upon them. However it is illegal to land ‘soft’ (recently moulted) and berried females in 
all UK and Ireland fisheries. Minimum Conservation Reference Size (MCRS) landing limits (based 
on carapace width (CW)) (formerly Minimum Landing Size (MLS)) are imposed to ensure at least 
one reproductive cycle is completed. For brown crab, a European MCRS was brought in in 2000, 
but varies between IFCSAs around the UK due to differing growth rates. Current MCRSs (Defra 
2015): 
• 140 mm north of 56°N both to West of Scotland and in the North Sea 
• 130 mm in the remainder of the North Sea except the Eastern Sea Fisheries District 
• 115 mm in the Eastern Sea Fisheries District 
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• 140 mm in the Channel and around the Southwest Peninsula i.e. areas VIId, e and f 
• 150 mm for females in the Devon and Severn IFCA district 
• 130 mm elsewhere 
Areas of Devon, Cornwall and the Isles of Scilly also apply higher landing sizes for male brown 
crabs, set at 160 mm CW (Seafish 2011). In Lyme Bay it is therefore illegal to land a female 
brown crab under 140 mm CW in the Southern IFCA district and 150 mm CW in the Devon & 
Severn District, plus any males under 160 mm CW. Inside the Lyme Bay MPA, landings of brown 
crab have increased since 2008, and are still increasing (Rees et al. 2016).  
4.1.5.2 European Lobster 
The European lobster (Homarus gammarus) has a wide distribution along the East Atlantic 
coastline and throughout Europe (Wilson 2008). Blue-grey in colour, individuals commonly 
measure around 600 mm in total length and can weigh upwards of 5 kg (Wilson 2008). Lobsters 
spawn annually during the summer after a male has copulated with a newly moulted female 
(Hayward . 1996). Ovigerous females become ‘berried’ where up to 30,000 eggs attached to the 
underside of their abdomen and surrounding the hind pleopods until conditions for release are 
suitable (Wilson 2008). Non-motile larvae are realised into the plankton during nocturnal periods 
and dispersal is reliant on oceanic currents for up to three weeks. Survival rate is low and around 
0.005% of released larvae make it to settlement (The National Lobster Hatchery 2014). It is 
currently unknown where juvenile lobsters settle, but it is theorised that rocky reef habitats play 
an important role in early life stages (Beal 2009). Like all Crustacea, lobsters grow through 
successional moults of their hard exoskeleton between which size often increases by 10-15% and 
weight by 50% (Wickins and Beard 1991; The National Lobster Hatchery 2014). Young lobsters 
moult once a week during their first month of post-settlement when growth rate is highest, and 
up to 25 times in their first 5 years. An adult’s intermoult phase is much longer, reaching up to 
two years in mature individuals (The National Lobster Hatchery 2014). Female lobsters become 
reproductively mature after 7 years when their carapace length (eye socket to 1 thoracic 
section) reaches 75-80 mm (Irving 1998; Davis 2007). Depending on age, individuals can be found 
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from the low shore to subtidal depths of up to 60 m (Haywood & Ryland 1995). However, mark-
recapture studies suggest that migratory movements are minimal in comparison to other large 
decapods (Clark 2007). It is thought that once settled adult lobsters become highly sedentary, 
moving only for necessary feeding, fighting and relocation (Pawson 1995). Individuals are often 
found in subtidal holes and caves or under ledges in rocky reef environments as these habitats 
provide protection to the vulnerable telson (tail) and to the soft exoskeleton exposed for up to a 
month after moulting (Pawson 1995). 
Management 
The European lobster is currently classified under ‘Least Concern’ on the International Union for 
Conservation of Nature (IUCN) Red List (IUCN 2011); however, recently numbers have declined 
within UK fisheries (MMO 2012). Like brown crab, it is illegal to land berried female lobsters 
within the UK. V-notching of the uropod is voluntary but currently due for byelaw review for all 
districts. In many UK fisheries, including Lyme Bay, v-notched female lobsters cannot be landed 
(Telsnig 2013). For lobster the MCRS is 87 mm for length of carapace; however this has been 
increased by some IFCAs. The fishing grounds in the Lyme Bay MPA fall under the management of 
two separate IFCAs (Fig. 4.1), so there is disparity over the MCRS for lobsters. Ports under 
Southern IFCA management (Lyme Regis, West Bay) have an MCRS restriction of 87 mm (carapace 
length), and under Devon and Severn IFCA management (Beer, Axmouth) have a MCRS of 90 mm 
(Devon and Severn IFCA, Southern IFCA 2011). These MCRS restrictions aim to allow at least one 
reproductive season for females. In Lyme Bay European lobsters have increased within the MPA 
since 2008 (Rees et al. 2016). 
4.1.6 The Lyme Bay Experimental Potting project  
Since 2008, commercial potting effort has increased within the Lyme Bay MPA, substantiated by 
an increase in the number of trips and amount of fishing gear being fished (Mangi et al. 2011; 
2012; Vanstaen and Breen 2014). In addition, both value and weight of landings have also 
increased (Mangi et al. 2011; Rees et al. 2016). Sightings data confirmed that the overall number 
of static gear fishing vessels within the MPA has also increased post closure to bottom towed 
fishing (Mangi et al. 2011). 
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A lack of understanding of the ecological impacts of commercial potting, plus the unregulated 
increases in potting activity and landings inside the Lyme Bay MPA on protected habitats, has led 
to concerns. Raised by the local fishermen themselves over the potential impact of potting on 
target fishery species, it was highlighted that these increases threaten the sustainability of their 
livelihoods (Clover et al. 2012). If multi-use MPAs are to benefit conservation and fisheries 
objectives then the impacts of increases in permitted fishing activities should be fully 
understood. 
Here, the experimental potting density treatments were used to gather data on the impact of 
increasing potting density on target fishery species and associated bycatch. The video survey 
techniques described in Chapters Two and Three were unsuitable for collecting morphometric 
data; so a quantitative potting methodology was therefore used for data collection, which 
allowed target species to be caught and sampled. 
In order to assess the impacts of potting on the recovering target species and bycatch species 
the following response variables were compared; abundance (all and under MCRS), sex ratio 
(total abundance and percentage), ovigery, plus the morphometric response variables size 
(brown crab = Carapace Width (CW), European lobster = Carapace Length (CL)), weight and 
condition (width/length x weight relationships for <MCRS, Adult Males and Adult Females). These 
were compared between the factors Treatment (Control, Low, Medium, High), Area (Beer, 
Axmouth, Lyme Regis, West Bay) and Year (1 (2014), 2 (2015), 3 (2016)). Analyses were 
conducted first for brown crabs (C. pagurus) and then repeated for European lobsters (H. 
gammarus). Other non-target species can be caught in pots as ‘bycatch’, so were additionally 
analysed; the response variable abundance was compared for the four most commonly caught 
bycatch species for representativity (See Appendix table D16 for full bycatch species list). 
It is expected that as potting density increases, the response variables (abundance, ovigery, size, 
weight, condition) will decrease. The following hypothesis was tested:  
         H1 = Control > Low > Medium > High. 
For the response variables sex ratio and bycatch species abundance data were explored but were 
 161
not hypothesis driven.  
4.2 Methods 
4.2.1 Study side 
Currently static gear potting is the most dominant commercial fishery within the MPA (Mangi et 
al. 2011; Rees et al. 2016), predominantly targeting the second and third most valuable fishery 
species, C. pagurus and H. gammarus (Table 4.1). These commercially targeted species are 
important components of the ecosystem while supporting commercial fisheries that provide 
important socio-economic benefits to local fishers and to the local area. 
Four fishing ports, populated by vessels licensed for commercial shellfish activities, are present 
in the Lyme Bay MPA: Beer, Axmouth, Lyme  Regis and West Bay. The Lyme Bay MPA, and ports, fall 
between two managing Inshore IFCAs: Devon & Severn (Beer, Axmouth) to the west and Southern 
IFCA (Lyme Regis, West Bay) to the east (Fig. 4.2). 
Figure 4.1. Lyme Bay MPA boundaries and associated ports, with IFCA boundary line between 
Devon and Severn and Southern IFCA out to 6 nm highlighted 
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Sightings data confirmed that the overall number of static gear fishing vessels within the MPA was 
increasing post closure (Mangi et al. 2011). Target species have shown signs of increase in 
abundance within the protected area (Sheehan et al. 2013a,b; Rees et al. 2016); however, the 
impact on these species from increasing commercial potting activity is not understood.  
Lyme Bay was used as a test site to assess the impacts of increasing potting densities on the 
target fishery species (C. pagurus, H. gammarus) and associated bycatch. 
4.2.2 Study design 
Within experimental units the pots were serviced at ‘normal’ levels by the local fishers, meaning 
that pots were hauled, sorted  and deployed concurrently with each fishing trip undertaken by 
each fisher to replicate commercial potting activity. Control treatments were marked with four 
yellow buoys (each corner) to notify fishers, and encourage compliance (For complete design see 
Chapter 1). 
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Figure 4.2. Distribution of experimental treatment units (Control, Low, Medium, High) 
throughout the Lyme Bay MPA.
MPA
4.2.3 Quantitative potting data collection 
Quantitative pot sampling was undertaken in each experimental area to collect data on target 
species and bycatch. To account for seasonal variation, sampling occurred every three months: 
Spring (March), Summer (June), Autumn (September) and Winter (December/January), across all 
years (2014, 2015, 2016). 30 experimental pots (same pots used for density manipulation, see 
Fig. 1.12 Chapter One), divided into six strings of five pots, were baited and haphazardly 
deployed throughout each experimental unit. Pots were industry standard measuring 28 inches x 
21 inches x 15 inches, with a mesh (net) size of 40 mm and 10 inch entrances or ‘mouths’. All 
pots were also fitted with escape gaps of 84 mm wide by 46 mm high and 100 mm long to meet 
Devon and Severn IFCA technical permit requirements for commercial potting (Devon and Severn 
IFCA Technical Permit Requirements 2016); however, in order to representatively sample the 
entire population escape were closed for sampling, with dispensation from Devon & Severn IFCA. 
Frozen ‘Scad’ (Trachurus trachurus), was used for bait on account of its suitability, low economic 
cost and annual availability. Pots were left to ‘soak’ for a 24 hour period, after which catch from 
each string was sorted and kept for sampling, while species that would not survive for long out of 
water were recorded and returned. For C. pagurus and H. gammarus abundance, carapace 
widths (CW, brown crab) and carapace lengths (CL, European lobster) in millimetres (See Fig. 
4.3) were measured using a 200 mm digital caliper; this is consistent with industry standard 
measures for these species. When used collectively these measures (width/length) are referred 
to as Carapace size. Wet weight in grams measured using 10 g - 40 kg digital hanging scales, and 
sex, cheliped status (intact or number missing), and signs of ovigery were also recorded. String 
number, treatment, time in and out of water, date and GPS location (measured using handheld 
Garmin eTrex 10,) metadata were recorded. After sampling, all species were returned to within 
the treatment from which they were collected. Sampling was repeated for all treatments and 
across all ports. 
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 4.2.4 Data analysis  
Using the quantitative potting data, response variables abundance (all and under MCRS), sex 
ratio (total abundance and percentage), ovigery plus morphometric response variables for size 
(Carapace width (CW) for C. pagurus/Carapace length (CL) for H. gammarus) and weight and 
were compared between factors Area, Treatment and Year, with Area assigned a random factor. 
The response variable condition (width/length x weight relationships) was compared for < 
Minimum Conservation Reference Sizes (< MCRS (juveniles)), Adult Male and Adult Female 
demographics, between each treatment within each year.  
Univariate analyses were performed using Permutational Multivariate Analysis of Variance 
(PERMANOVA), with PERMANOVA+ in the PRIMER v7 software package (Anderson 2001). Analyses 
used a three-factoral design consisting of Year (Year 1 (2014/15), Year 2 (2015/16), Year 3 
(2016/17)), Treatment (Control, Low, Medium, High) and Area (Beer, Axmouth, Lyme Regis, West 
Bay). Each term used 9999 permutations of each reduced model (Anderson & ter Braak, 2003). 
Values of <0.05 were used to denote significant differences in the data testing, with significance 
then investigated further using post-hoc pairwise comparisons in PERMANOVA+. 
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Size measure
Figure 4.3. Size measurements (Cancer pagurus = Carapace Width (CW), Homarus 
gammarus = Carapace length (CL)) for target species caught during quantitative potting 
(Images, not to scale,  adapted from Hayward and Ryland 1995).
CL
CW
Abundance 
Abundance data were first 4th root transformed, based on shade plot outputs from PRIMER v7, to 
downweight variability in the data between years. Abundance of all C. pagurus individuals were 
compared between Year and Treatment. Juveniles were then separated using the local IFCA MCRS 
of 140 mm, and analysed separately. This was then repeated for H.gammarus, where a MCRS of 
87 mm was used. 
Sex ratio 
Abundances for Adult Males and Adult Females (>MCRS) of C.pagurus and H. gammarus were first 
analysed, then mean sex ratios were calculated using the equation (Number of Males/Number of 
females) x100 and expressed as number of Males per 100 Females. Univariate analyses were then 
performed as above. 
Ovigerous females 
Ovigerous females of C.pagurus were analysed as percentages, however abundances of ovigerous 
females were very low so data were plotted but no statistical analyses were performed. 
H.gammarus ovigerous females were low in abundance and so are not included here. 
Size and weight 
Mean Carapace Width (CW)/Length (CL) and Weight (W) were first compared between 
Treatments and Years, pairwise comparisons were performed if necessary. Non-parametric 
descriptive statistics were calculated and frequency distributions for Size and Weight were 
compared. Interquartile ranges (IQR=H) that contributed to 50% of the observed data 
observations for both  Size and Weight  were expressed in order to determine data distribution 
for each treatment in each year.  This was then expressed as a relative measure of dispersion as 
the Coefficient of Quartile Dispersion (Q.D). Upper (Q3) and Lower (Q1) quartiles and Medians 
were calculated in order to determine the distribution of Sizes and Weights within the top 50% of 
observations. 
Condition (Size (Carapace width/length) x Weight relationships) 
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To examine the relationship between the morphometric response variables of size and weight, 
and to quantify any changes in condition between Treatments within each Year, intraspecific 
allometric comparisons were performed. Carapace width/length and weight have previously 
been shown to be highly allometric in ecological studies (Peters 1983), and in particular studies 
of Crustacea ontogeny (Hartnoll 1974). Demographics <MCRS, Adult Males and Adult Females 
were separated to account for likely ontogenetic differences in growth rates. To compare 
allometric morphometric (Size x Weight) relationships, data were first log(ln) transformed so 
coefficients of determination (r2) could be compared using linear regression, calculated in R 
1.0.153. Coefficients of allometry were then calculated (Hartnoll 1978; Farías-Tafolla 2015; 
Klingenberg 1996, 2016). Relationships were described using the allometric equation y = βXa 
(where y = W, β = Y intercept and X = L and a = a regression coefficient, in this case relative 
change in W per unit of L) (Hartnoll 1978).  
As this equation is being applied to log data it is rearranged to:  
                 Equation A:   log y = log β + a log X 
This log linear model was selected and tested using Pearsons chi-squared goodness of fit test 
which showed the model was a significant predictor (X2 (2, N = 1038) = 0.89, p > 0.01; Appendix 
table D5a) comparing expected values to observed values in the width-length relationship. This 
was validated by visually analysing the residual plot which showed normal distribution of errors 
suggesting the model was correct on average for the fitted values. For regression comparison 
allometric growth coefficients a and β were compared, where a describes the slope of the 
regression and the strength of the relationship and β describes the intercept thus any changes to 
individual C.pagurus and H.gammarus weight change per L measure. These coefficients were 
calculated from the linear regression outputs. Growth coefficients were normalised and then 
compared against Control Treatment coefficients (C v L, M, H) within each Year (1, 2, 3), for all 
demographics (<MCRS, Adult Males and Adult Females), using ANOVA and pairwise comparisons 
were carried out where necessary, using the statistical software IBM SPSS Statistics 22. 
Additionally a coefficient data were visualised using a nMulti Dimensional Scaling (nMDS) 
ordination plot using the PRIMER v7 software package. Condition analyses were performed for 
both C.pagurus and H.gammarus. However due to small sample sizes of some demographics for 
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H. gammarus, relationships were not tested between demographics. 
Bycatch 
Bycatch abundance data for the four most frequently caught species throughout the sampling 
(Appendix table D16,17) were analysed; which are the common spider crab, Maja squinado, the 
velvet swimming crab, Necora puber, the lesser-spotted catshark, Scyliorhinus canicula, and 
pouting, Trisopterus luscus (Appendix table D17). Data were 4th root transformed first and then 
compared between Year and Treatment. 
4.3 Results 
Between Years 1 and 3, 12 seasonal quantitative potting sampling periods were successfully 
undertaken. A total of 7390 C. pagurus (N = 6696) and H. gammarus (N = 694) individuals were 
sampled. 149 C. pagurus (2.2%) and three H. gammarus (0.43%) caught were visibly damaged 
(One or two chela missing); 15 of the brown crab had two chelae missing. All damaged 
individuals were excluded from weight and condition analyses on account of misrepresentative 
wet weights from removed chela. There were no dead individuals recorded during any sampling. 
The common spider crab Maja squinado (Herbst, 1788) and the velvet swimming crab Necora 
puber (Linnaeus, 1767) were the most abundant bycaught species during sampling (M. squinado N 
= 609, Necora puber N = 467). 16 other species were caught and quantified during sampling, from 
four different phyla (Appendix table D16). 
4.3.1 Brown crab (Cancer pagurus): 
Abundance (all) 
Greatest C. pagurus abundance was seen in the Medium potting treatment in Year 2 (163.25 ind. 
± 28.497), while lowest abundance was seen in the Low potting treatment in Year 1 (115.25 ind. 
± 17.466) (Fig. 4.4a, Appendix table D1). Abundance increased between Year 1 and Year 2 in all 
treatments, then decreased between Year 2 and Year 3 in all treatments. There was a significant 
effect of Year (P = 0.003) plus a significant Year x Treatment interaction (P = 0.0284; Table 4.2a) 
between High treatments and all Control treatment was observed in Year 3, indicated by greater 
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Table 4.2. a) PERMANOVA to test for significant differences in mean abundance of C.pagurus 
between Years (1, 2, 3), Treatment (Control, Low, Medium, High) and Area (Beer, Axmouth, 
West Bay, Lyme Regis). b) Pairwise testing differences in C. pagurus abundance between all 
Years and Treatments. Bold values denote significant values.
a)  Source df MS Pseudo-F P(perm)
Abundance
Year Yr 2 5433.9 6.9706 0.003
Treatment 
Tr
3 596.39 0.1949 0.088
Area Ar 6 359.7 0.9249 0.1125
YexTr 
Residual
6 
18
291.91 
779.56
0.3745 0.0284
Total 47
b) Year 1 Year 2 Year 3
Groups t P t P t P
Control, 
Low
1.4815 0.2326 1.6348 0.2847 0.2576 0.83
Control, 
Med
0.6547 0.592 2.6 0.1135 0.3826 0.7105
Control, 
High
0.7303 0.4603 1.0755 0.4853 3.4603 0.0271
Low, Med 0.6626 0.6061 1.0835 0.4278 0.601 0.6279
Low, High 0.534 0.7383 0.128 1 3.3726 0.0575
Med, High 0.0089 1 0.6078 0.686 3.0862 0.0551
Figure 4.4. Abundance of a) all C. pagurus (Mean ± SE) and b) <MCRS C. pagurus (Mean± SE) 
across all Years and Treatments.
a)
b)
decrease in the High treatment in that year (Fig. 4.4a; P = 0.0271; Table 4.2b). 
Abundance (<MCRS) 
Lowest mean abundance of under MCRS C. pagurus individuals was recorded in the High potting 
treatment in Year 3 (62 ind. ± 8.61) while greatest mean abundance of under MCRS individuals 
was recorded in the Control treatment in Year 1 (95.25 ind. ± 24.76) (Fig. 4.4b; Appendix table 
D1). Results showed no effect of factors Year (P = 0.1982; Table 4.3) or Treatment (P = 0.8765). 
There was no Year x Treatment interaction (P = 0.9367; Table 4.3); however abundance of C. 
pagurus seen in the High potting treatment did not show as greater increases between Year 1 and 
Year 2 in comparisons to the other treatments, and in Year 3 showed a greater decrease than 
other treatments (Fig. 4.4b). 
 Sex ratio 
Differences in the mean sex ratio between of Males and Females for C.pagurus did not differ 
significantly over time. Males were only seen to be more abundant than females in three 
instances (Medium Year 1, Year 2; High Year 3) but this was marginal (Fig. 4.5; Table 4.4a). 
Highest mean sex ratio was 87.63 Males per 100 females (± 4.02) which only differed significantly 
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Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 1425 1.7377 0.1982
Treatment Tr 3 491.14 0.2142 0.8765
Area Ar 12 2292.9 2.796 0.1582
YexTr 6 192.06 0.2342 0.9367
Residual 24 820.04
Total 47
Table 4.3. PERMANOVA to test for significant differences in mean abundance <MCRS 
C.pagurus between Years (1, 2, 3), Treatment (Control, Low, Medium, High) and Area (Beer, 
Axmouth, Lyme Regis, West Bay). Bold values denote significant values.
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 Size (Carapace width) and weight 
Greatest mean carapace width (CW), for C.pagurus was observed in the High treatment in Year 3 
(148.069 mm ± 3.09, while lowest was observed in Low potting treatments in Year 2 (136.895 
mm ± 1.613) (Appendix table D1). CW decreased in all treatments between Year 1 and 2, and 
then increased in all treatments between Years 2 and 3 (Fig. 4.7a). There was a significant effect 
of Year for CW for C. pagurus (P = 0.0015; Appendix table D2a), there was no significant effect of 
Treatment or for overall Year x Treatment interaction.  
Greatest mean weight of C. pagurus was observed in the Control potting treatment in Year 3 
(545.148 g ± 11.21), while lowest mean weight was observed in the Control treatment in Year 2 
(138.999 g ± 0.669) (Fig. 4.7b; Appendix table D1). From Year 1 to 2 there was a slight decrease in 
weight in the Control and High treatments, however between Years 2 and 3 there was a 
significant increase in weight in both the Control and Low treatments while not for the Medium 
and High treatments (Fig. 4.7b). There was a significant effect for factors Year (P = 0.0351), 
Treatment (0.0323) and a Year x Treatment interaction (0.0152; Appendix table D2b). Pairwise 
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Figure 4.6. Percentage of ovigerous C.pagurus females (mean ±SE) for all treatments and 
years. Numbers on bars denote N.
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tests showed that while mean weights were similar between treatments in Year 1 and 2, by Year 
3 both Control and Low treatments differed significantly to Medium and High treatments (Table 
4.5). 
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a) Sex Ratio (males per 100 females)
Treatment Year 1 Year 2 Year 3
Control 93.1 99.24 83.21
Low 89.8 69.44 69.84
Medium 106.27 100.73 73.98
High 70.16 103.97 91.45
Table 4.4. a) Sex Ratios for number of Male C.pagurus per 100 Females b) PERMANOVA tests 
for differences between ratios by all factors in the design. Bold denotes a significant result
b) Source df MS Pseudo-F    P (perm)
Abundance
Year Yr 2 10104 18.257 0.0001
Treatment Tr 3 522.59 0.7203 0.5679
Area Ar 12 725.53 1.3109 0.2711
YexTr 6 999.01 1.8051 0.1344
Residual 24 553.45
Total 47
Figure 4.7. a) Carapace width (mm) (mean ± SE) and b) Weight (g) (mean ± SE) for all C. 
pagurus individuals caught.
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Table 4.5. Pairwise comparisons to examine significant relationships between the fixed 
factors Year and Treatment for mean C.pagurus weight. Bold values denote significant values. 
Non-parametric descriptive analysis of data distribution showed that significant differences in 
mean C. pagurus L and W correlated with a lower variability of 50% of the data around the 
Median, indicated by narrower H-spread (IQR) ‘boxes’ (Fig. 4.8) and lower Coefficient of Quartile 
Dispersion (Q.D) values in L (Appendix table D3). For C. pagurus lowest H was recorded in the 
High treatments of Year 2 and 3 (High Year 2, 3 H = 27). Lowest Q.D values were see in both High 
treatments of Year 2 and Medium Treatments of Year 3 (Q.D = 0.095). For C. pagurus WW, lowest 
H was recorded in the High treatment in Year 3 (H = 221), while lowest Q.D value was recorded in 
High treatment Year 3 (Q.D = 0.242, Appendix table D3). This means a greater proportion of the 
C. pagurus population are centred around the median. 
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Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 1.7221 0.087 0.1047 0.9161 0.1156 0.9087
Control, Med 0.571 0.5664 0.0086 0.9327 3.2825 0.0011
Control, High 1.3194 0.1844 1.011 0.3223 2.3541 0.0181
Low, Med 1.1229 0.2569 0.0016 0.9884 3.2847 0.001
Low, High 0.3481 0.7262 0.9103 0.3707 2.3308 0.0201
Med, High 0.7432 0.4632 0.9032 0.3625 0.6044 0.5442
 Figure 4.8. Frequency distribution box plots for Carapace width (top) and Weight 
(bottom) for C.pagurus in all treatments for all years. Boxes denote 50% of total 
frequency distribution with horizontal lines representing the Median for each. Above 
Median line = Quartile 3 (Q3) and below = Quartile 1 (Q1). Tails show 5th to the 95th 
percentile of the frequency distribution of the data and X locates furthest outliers 
outside these percentiles. Red line represents a mean CL (147.5 mm) calculated from 
the different MCRS that apply in different Areas of the study. Letters below boxes show 
significance in means from pairwise comparisons (Taken from Annex C3a, b). 
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Condition (Width x weight relationship) 
As expected, all width x weight relationships for all demographics of C.pagurus were significantly 
correlated (P = <0.001, Table 4.6 (r2 column); Appendix table D4a). Allometric growth coefficients 
from log linear regressions varied between -4.521 (Year 3, High, <MCRS) and -1.849 (Year 2, 
Low, Adult Males) for a, and 2.149 (Year 2, High, Adult Males) and 3.120 for β (Year 3, Medium, 
<MCRS) (Table 4.6). Only results from Year 3 have been tabulated, for full table see Appendix 
table D5. 
For a allometric growth coefficient comparisons, four demographics differed significantly (P = 
<0.05) to Control treatments of that year, (Year 2 (Medium, Adult Females; Appendix table D5) 
and Year 3 (Medium = Adult Males, Adult Females, High = Adult Males; Table 4.6). For the β 
coefficient there were no significant deviations by any demographic for all treatments and years 
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             Linear regression Anova a significant  
≠ control
Anova β significant  
≠ control
Year Treatment Demographic n Allometric 
growth equation r
2 P = P =
3 Control <MCRS 365 y = -4.156x + 3.183 0.808*** No test No test
Adult Males 100 y = -2.364x + 2.351 0.882*** No test No test
Adult Females 144 y = -2.978x + 2.495 0.882*** No test No test
Low <MCRS 369 y = -4.020x + 3.130 0.847*** 0.19 0.47
Adult Males 88 y = -1.941x + 2.160 0.859*** 0.25 0.40
Adult Females 126 y = -2.886x + 2.323 0.795*** 0.2811 0.577
Medium <MCRS 428 y = -4.246x + 3.210 0.850*** 0.274 0.914
Adult Males 61 y = -4.282x + 2.614 0.683*** 0.0279* 0.6239
Adult Females 113 y = -3.248 + 2.836 0.918*** 0.0273* 0.7971
High <MCRS 257 y = -4.521x + 2.697 0.739*** 0.294 0.512
Adult Males 107 y = -4.222x + 2.426 0.882*** 0.0271* 0.7471
Adult Females 117 y = -3.492x + 2.502 0.917*** 0.0540 0.746
* P = <0.05, ** P = <0.001, *** P = <0.0001
Table 4.6. Condition growth equations (y=) and linear relationships (r2) for all treatments in 
Year 3 for C. pagurus. ANOVA P results testing allometric growth coefficients of Control 
treatment. Asterisk level denotes significance level
tested (Table 4.6; Appendix table D4b). 
Figure 4.9 shows the a allometric growth coefficients for demographics,   across  all treatments 
and Years. Four large distinct groupings of based on similarity of coefficients, and one isolated 
grouping (High, Year 3). Grouping C highlights the significant differences of Medium and High 
treatments compared to Low and Control treatments (Grouping A) in Year 3 in particular (Fig. 
4.9). 
Log linear width x weight relationships for the C.pagurus Adult Males demographic from all 
treatments in Year 3 have been graphed for comparisons. Allometric growth equations and width 
x weight log relationship lines have been plotted, treatments which differed significantly in their 
allometric growth coefficients to the Control potting coefficients in Year 3 have been indicted 
(Fig. 4.10; Appendix table D6). 
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Figure 4.9. nMDS ordination plot illustrating a allometric growth coefficient similarities for 
all Treatments (Control, Low, Medium, High) and Years (1,2,3) for C.pagurus demographics 
Adult Males and Adult Females. Dotted line envelopes denote groupings (A,B,C,D,E).
4.3.2 European lobster (Homarus gammarus): 
Abundance (all) 
Greatest abundance for H. gammarus was seen in the Low potting treatment Year 3 (27.25 ind. ± 
2.25), while lowest in Low potting treatment Year 1 (3.25 ind. ± 1.181) (Fig. 4.11a; Appendix 
table D7). There was a significant effect of Year (P = 0.0001) and Treatment (P = 0.028) for H. 
gammarus abundance, however there was no significant Year x Treatment effect (P = 0.0578) 
(Table 4.7a). However due to the marginality of this result (P = 0.0578), pairwise tests were 
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Figure 4.10. Log linear width x weight relationships (plus all plotted data, black and white 
symbols) for C. pagurus Adult Males demographic for all treatments in Year 3. Significant 
differences (to Control treatment) in a (intercept) coefficients are shown with asterisks 
(Appendix table D6).
*  P < 0.05 v Control 
* P < 0.05 v Control
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performed (Table 4.7b). There was a significant difference in abundance of H.gammarus 
between the Control potting treatment and High potting treatment in Year 3 (P = 0.0271; Table 
4.7b). This can be seen in the trends between years as all treatments increased in abundance of 
H. gammarus between Year 1 and 2. However increases between Year 2 and 3 were greatly 
reduced in the High treatment in comparison to all other treatments. Pairwise comparisons 
showed that Control and High treatments differed significantly in Year 3 (P = 0.0271; Figure 
4.11a; Table 4.7b) 
Abundance (<MCRS) 
Lowest mean abundance of under MCRS H. gammarus individuals was recorded the Low potting 
treatment in Year 1 (0.75 ind. per 30 pots ± 0.96) while mean greatest abundance was recorded 
in the Control potting treatment in Year 3 (16.5 ind. ± 1.5). Results showed a significant effect of 
Year (P = 0.0001) associated with the large increases in abundance seen over time in all 
treatments but there was not a significant Treatment effect (P = 0.7137). There was no 
significant Year x Treatment interaction effect (P = 0.1451; Appendix table D8). Abundances of 
<MCRS individuals increased in all treatments over time, displaying no effect of treatment 
(Figure 4.11b). It should be noted that in Year 3 abundance of <MCRS H. gammarus was lowest in 
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a) abundance b)       Year 1 Year 2  Year 3
Source df MS Pseudo-F    P (perm)
Groups t P t P t P
Year Yr 2 1501.6 120.26 0.0001 Control, Low 1.4815 0.2326 1.6348 0.2847 0.2576 0.83
Treatment Tr 3 40.694 4.703 0.028
Control, Med 0.6547 0.592 2.6 0.1135 0.3826   0.7105
Area Ar 6 8.6528 0.693 0.7422 Control, High 0.7303 0.4603 1.0755 0.4853 3.4603   0.0271
YexTr 
Residual
6 
18
29.861 
12.486
2.3915 0.0578  Low, Med 0.6626 0.6061 1.0835 0.4278 0.601   0.6279
Low, High 0.534 0.7383 0.128 1 3.3726   0.0575
Total 47 Med, High 0.0089 1 0.6078 0.686 3.0862   0.0551
Table 4.7. a) PERMANOVA to test for significant differences in mean abundance H. gammarus 
between Years (1, 2, 3), Treatment (Control, Low, Medium, High) and Area (Beer, Axmouth, 
Lyme Regis, West Bay). b) Pairwise comparisons to examine significant relationships between 
the fixed factors Year and Treatment for H. gammarus abundance. Bold values denote 
significant values. 
High treatments, potentially contributing to the patterns seen in overall mean abundance of 
H.gammarus (Figure 4.11b). 
Figure 4.11. a) PERMANOVA testing abundance of <MCRS H. gammarus between Year and 
Treatment for all factors. 
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<MCRS
a)
b)
Sex ratio 
Differences in the mean sex ratios of Male and Female for H.gammarus differed over time. Mean 
sex ratio was 138.47 Males per 100 females ± 14.1 and did not differ significantly for any factors 
(Year P = 0.2645, Treatment P = 0.1958, Year x Treatment P = 0.6643; Table4.8b). Females were 
only more abundant than males in two instances (High Year 1, 3). Large fluctuations were seen in 
Year 1 (Table 4.8a), likely contributed by very low abundances. 
Size (Carapace length) and weight 
Greatest mean Carapace length (CL), for H. gammarus was observed in the Medium treatment in 
Year 2 (91.366 ± 3.456), while lowest was observed in Low potting treatment for Year 1 (74.78 
mm ± 25.046; Appendix table D7). Mean CL did not differ greatly over time and showed no effect 
of treatment (Figure 4.12a). There was a significant effect of Year (P = 0.034; Appendix table 
D9a) for mean CL and there was a significant Year x Treatment interaction (P = 0.0106; Appendix 
table D9a). Pairwise comparisons showed that these significant differences occurred in Year 1 
between Control v Low (P = 0.0303) and Low v Medium treatments (P = 0.0104) (Appendix table 
D10), although this was most likely due to low abundances caught, contributing to highly variable 
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H. gammarus Sex Ratio (males per 100 females)
Abundance
Source df MS Pseudo-F    P (perm)
Treatment Year 1 Year 2 Year 3 Year Yr 2 12386 1.3967 0.2645
Control 231.25 138.54 105 Treatment Tr 3 14206 1.8746 0.1958
Low 212.5 179.67 132.227 Area Ar 1
2
7577.8 0.8545 0.5966
YexTr 
Residual
6 
2
4
6256.6 
8867.7
0.7056 0.6643
Medium 108.33 152.92   106.06
High 70.16 138.1 82.51
Total 4
7
Table 4.8. a) Sex Ratios for number of Male H. gammarus per 100 Females b) PERMANOVA 
results for differences between abundances for all factors in the design. Bold denotes a 
significant result
data in Year 1 treatments. 
Greatest mean weight of H. gammarus was observed in the Medium potting treatment in Year 2 
(567.638 g ± 20.052), while lowest mean weight was observed in the Medium treatment in Year 1 
(372.375 g ± 53.345; Appendix table D7) but this was highly variable due to low abundance (Fig. 
4.14). Mean weight increased in all treatments between Years 1 and 2, and then decreased in all 
treatments showing no effect of treatment (Fig. 4.12b). Mean weight differed significantly in 
factors Year (P = 0.0001), and there was a Year x Treatment interaction (P = 0.0055) (Appendix 
table D9b). Pairwise comparisons showed significant differences in mean weight in Year 1 
between Low v Medium (P = 0.0022) and High (P = 0.0267) treatments (Appendix table D11), This 
was most likely driven by low abundances of lobsters caught in this year. 
Non-parametric analysis of data distribution showed that significant differences in mean H. 
gammarus CL and weight correlated with a lower variability of 50% of the data around the 
Median, indicated by narrower H-spread (IQR) boxes and lower Coefficient of Quartile Dispersion 
(Q.D) values in CL in Figure 4.13. For H. gammarus CL lowest H was recorded in the Low 
treatments of Year 1 and 2 (High Year 1,2 H = 9). Lowest Q.D values for CL was see in the Low 
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Figure 4.12. a) Mean Carapace length (mm) and b) Weight (g) for all H.gammarus individuals 
caught in each treatment and across all years
treatment of Year 1 (Q.D = 0.048). For H. gammarus weight, lowest H was recorded in the Low 
treatment in Year 2 (H = 135), and lowest Q.D value was recorded in Control treatment Year a 
(Q.D = 0.133; Figure 4.13; Appendix table D12). 
 
Figure 4.13. Frequency distribution box plots for Carapace length (top) and Weight (bottom) 
for H. gammarus in all treatments for all years. Boxes denote 50% of total frequency 
distribution with horizontal lines representing the Median for each. Above Median line = 
quartile 3 (Q3) and below = quartile 1 (Q1). Tails show 5th to the 95th percentile of the 
frequency distribution of the data and X locates furthest outliers outside these percentiles. 
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Red line represents a mean CL (147.5 mm) calculated from the different MCRS that apply in 
different Areas of the study. Letters below boxes show significance from pairwise tests (Taken 
from Annex C12 a,b). 
Condition (Length x weight relationships) 
As expected, log linear length x weight Relationships for all H. gammarus were significant (2 P = 
<0.05, 5 P = <0.01, 5 P = <0.001; Appendix table D13). The determination coefficient (r2)  varied 
ranged from 0.706 (Year 3, Low) to 0.917 (Year 1, Low; Table 4.9, Appendix table D13). 
Allometric growth coefficients from log linear regressions varied between -5.321 (Year 1, Low) 
and -0.303 (Year 3, Low; Table 4.9, Appendix table D13) for a, and 1.268 (Year 1, Medium) and 
4.094 (Year 1, Low; Table 4.9, Appendix table D13) for β. ANOVA comparisons of the a allometric 
growth coefficient showed 1 group differed significantly (P = < 0.05; Appendix table D15a) to 
Control treatment control values for the corresponding year (Year 1, Low). For the β coefficient 
2 groups differed significantly (P = < 0.05; Appendix table D15b) to Control (Year 1, Medium and 
Low), although this was most likely driven by low abundances of H. gammarus in Year 1, despite 
all individuals being grouped. 
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Table 4.9. Condition relationships for all treatments and years for H. gammarus. ANOVA P 
results testing differences between allometric growth coefficients (a,β) in comparison to 
Control treatment for each year. Asterisk level denotes significance level. 
4.3.3 Bycatch 
The four most abundant bycatch species were the common spider crab, Maja squinado, the 
velvet swimming crab, Necora puber, the lesser-spotted catshark, Scyliorhinus canicula, and 
pouting, Trisopterus luscus (Appendix table D17).  
Abundances of bycaught species were highly variable between treatment and year (Fig. 4.14). 
There was a significant difference for the factor Year (P < 0.0001) for both M. squinado and N. 
puber (Appendix table D18 a,b). M.squinado also showed a Year x Treatment interaction (P = 
0.0451; Appendix table D18) suggesting a treatment effect over time. Pairwise comparisons 
highlighted that in Year 3 there was a significantly greater abundance of M. squinado in the 
Medium density treatment in comparison to all other treatments (P < 0.05; Appendix table D19). 
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Linear regression Anova H0 = a 
significant ≠ ‘No’
Anova H0 = β 
significant ≠ ‘No’
Year Treatment Demographic n Allometric growth equation 
(ln y= ln a + β ln X)
r2 P = P =
1 Control    All 26 y =  -1.446x + 2.112 0.718* No test No test
Low    All 13 y =  -5.321x + 4.094 0.917** 0.0283* 0.02768
Medium    All 17 y =  -0.59x + 1.268 0.847** 0.2085 0.0303*
High All 17 y =  -0.901x + 1.804 0.820* 0.1446 0.0277*
2 Control    All 63 y =  -0.7x + 1.423 0.845*** No test No test
Low    All 52 y =  -0.960x + 1.682 0.808*** 0.4795 0.7722
Medium    All 52 y =  -0.685x + 1.744 0.827*** 0.2239 0.6194
High All 53 y =  -0.515x + 1.406 0.846*** 0.0825 0.8277
3 Control    All 106 y =  -0.673x + 1.725 0.746** No test No test
Low    All 108 y =  -0.303x + 1.533 0.706** 0.768 0.3393
Medium    All 102 y =  -0.669x + 1.733 0.76*** 0.6043 0.2589
High All 69 y =  -0.414x + 1.591 0.758** 0.5411 0.3373
* P =  < 0.05; ** P = < 0.001; *** P = < 0.001
Over time abundances of M. squinado showed an increasing trend in Control, Low and Medium 
treatments while abundances decreased over time in the high treatment (Fig. 4.14). 
There were no other significant interactions for any of the tested factors for the remaining 
species (Appendix table D18). There were no discernible trends in relation to treatment for 
abundances of N.puber and S. canicula (Fig. 4.14). T. luscus abundances increased in Control, 
Low and Medium treatments, while decreased in High treatments, however this was extremely 
marginal and was not found to be significant (Fig. 4.14; Appendix table D18d) 
 186Figure 4.14. Abundance of four most abundant bycatch species across Treatments 
(Control, Low, Medium, high) and Years (1,2,3)
Table 4.10. Summary of significant treatment impact status on tested the responsible 
variables  in Year 3, with level of impact (significantly lower abundance) taken from pairwise 
comparisons of significant  results. 
4.4 Discussion 
Unregulated potting has been permitted to continue within the Lyme Bay multi-use MPA since a 
ban on bottom towed fishing was introduced in 2008. Landings from potting have increased, 
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 Response variable  Significant treatment impact Level of impact (potting 
density/densities 
C. pagurus:
 Abundance all Yes High
 Abundance <MCRS No -
 Sex ratio No -
 Ovigery No -
 Carapace width No -
Weight Yes Medium, High
Condition (<MCRS) Yes High
Condition (Adult Males) Yes High
Condition (Adult Females) No -
H. gammarus:
 Abundance all Yes High
 Abundance <MCRS No -
 Sex ratio No -
 Ovigery No -
 Carapace length No -
Weight No -
Condition (all) No -
Bycatch:
 Maja squinado abundance No -
 Necora puber abundance No -
 Scyliorhinus canicula abundance No -
 Trisopterus luscus abundance No -
particularly for the main target species C. pagurus and H. gammarus, as a likely result of 
reduced conflict between mobile (towed) and static (pot) fisheries. Since the closure, benthic 
biodiversity has also increased (Sheehan et al. 2013a); however, without no potting control areas 
the effect of potting on this fishery is still unknown. This study assessed the impacts of 
increasing potting density on C. pagurus and H. gammarus populations, plus associated bycatch, 
in order to address this existing knowledge gap. Quantitative potting data were collected from 
the manipulated experimental potting density units. 
Following three years of data collection, this study found that there were fishery impacts 
associated with an increase in potting activity on both C.pagurus and H. gammarus species. For 
C.pagurus and H. gammarus, abundance increased in all treatments between Years 1 and 2. This 
is indicative of a recovering population, potentially benefitting from MPA protection from more 
damaging forms of fishing, and an increasing trend between these years was observed for most of 
the response variables measured. These increases corroborate local landings, which have 
increased for both  C. pagurus and H. gammarus since the MPA closure in 2008 (Rees  et al. 
2016). In addition, local fishermen in Lyme Bay who have commented on increases inside the MPA 
(Angus Walker, Aubrey Banfield, Dave Sales Local fisherman pers. comm). Between Years 2 and 3 a 
significant decrease in abundance of individuals caught in the High potting treatment was 
observed for C.pagurus; a similar pattern was seen for H.gammarus and whilst this was not 
significant, pairwise comparison confirmed a lower abundance in the High potting treatment in 
Year 3. Abundances in the three treatments of lower potting intensities (Control, Low, Medium) 
remained consistent with levels seen in Year 2 for C. pagurus, while H. gammarus increased 
significantly in these treatments once more. Juvenile abundance (<MCRS) for C. pagurus 
followed a similar pattern with lowest abundance in areas of High potting intensity in both Year 2 
and 3, showing that all demographics were impacted by High potting densities after three years. 
For juvenile (<MCRS) H. gammarus there was no signifiant observed impact of an increase in 
potting between treatments. It was hypothesised that response variables would sequentially 
decrease with increasing potting density. Despite no statistically significant difference was found 
between Control, Low and Medium treatments, abundances in these treatments were all 
significantly higher that the High treatment.  
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Sex ratio analyses showed that male and female C. pagurus ratios were similar and consistent 
between treatments over time, demonstrating that impacts were not bias towards one gender. 
There was an observed difference in the sex ratio for H. gammarus in the High treatment where 
there more females than males, while sex ratios were positively skewed towards males in almost 
all other treatments and years. Unlike brown crab, the impacts of high potting density on lobster 
suggest that decreases in male lobsters were driving the overall decreases seen in abundance in 
this treatment. 
Over time a high level of potting will result in the direct removal of a larger number of target 
species. This increased harvest rate, combined with slow ontogenetic growth patterns and long 
periods of ovigerous egg development of both C.pagurus and H. gammarus, could contribute to 
lower stock abundance. Until now, this is not an impact that has been associated with 
commercial pot fisheries. The most recent assessment (2014) of the Western English Channel, 
the geographical sample unit which includes Lyme Bay, concluded that stock status of C. pagurus 
in this area is ‘good’ but that exploitation levels were at Maximum Sustainable Yield (MSY). The 
report also highlights the increase in vessel numbers and pots being used in the Lyme Bay area 
and that this could compromise MSY in this area (Cefas Stock Status Report 2014; IFCA 2016). This 
is the case in many other UK assessment regions, and stock assessments of C. pagurus and H. 
gammarus have concluded that both of these species are currently being fished to a maximum 
level, and that management aimed at reducing effort within such fisheries is advised (Woll 2006; 
Cefas Stock Status Report 2014). The evidence gathered in this current study highlight that 
increasing potting density may increase fishing effort beyond maximum sustainable yield levels, 
which is unsustainable and can lead to overfishing (Pauly and Zeller 2016). 
These 2014 assessments were underpinned by fisheries landings data, which excludes juvenile 
individuals below MCRS. This current study collected data on juvenile cohorts of C. pagurus and 
H. gammarus that have yet to reach sexual maturity (<MCRS). Here, declines in <MCRS C. 
pagurus are not attributed to direct exploitation as these individuals are typically returned 
during sorting of catch by the fisher shortly after hauling, and it is widely accepted that 
survivability  of discards from C. pagurus fisheries is above 90% (Cefas Stock Status Report 2014). 
Alternatively, for C. pagurus, it is suggested that these decreases in High potting density 
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treatments may be associated with lower abundances of female crabs. In H. gammarus both 
Adult Females and <MCRS demographics did not decline in areas of High potting intensity, while 
Adult Males did. Further study into interrelatedness between adult and juvenile generations 
should be undertaken to determine the validity of the patterns seen here. 
Ovigerous females were considered to be those individuals that were seen to be actively, or 
previously, egg bearing or ‘berried’. Sample sizes for ovigerous individuals was low, likely due to 
berried individuals having reduced scavenging rates and more reliant on internal body resources 
to supplement the energetic demands of reproduction (Howard, 1979), so an exploratory 
hypothesis was stated. Across treatments, the percentage of ovigerous C. pagurus were variable 
in Year 1, more stable in Year 2, and higher in the Control treatments for both species in Year 3. 
Although not tested for significance, if this result was robust then increasing potting could have 
significant implications on the reproductive potential of C. pagurus; however, this result should 
be taken with caution and further, longer-term, study is required. Alternatively, Control 
treatments, where commercial potting has been removed, could be acting as refugia for berried 
females, providing reproductive benefits to wider populations of brown crab. Increases in ovigery 
may be related to protection to disturbance, and increased stability in the system, from physical 
impacts associated with commercial potting activity. 
This study shows there was also an impact of increasing potting density on certain morphometric 
repose variables for both C. pagurus and H. gammarus. Mean C. pagurus Carapace width was 
highest in the High treatment after three years, perhaps related to absence of <MCRS crab in this 
treatment; however overall there was little variation in width between treatments suggesting no 
effect of potting density on width. Mean weight remained constant over the 3 years in areas of 
Medium and High potting, while in Control and Low treatments mean weight increased in Year 3. 
Width and weight frequency distributions for C. pagurus show more clearly that in High 
treatments widths and weights had narrower ranges (lower Q.D) compared to lower intensity 
treatments in Year 3. In addition, the majority of width and weight measurements for C.pagurus 
were distributed closer to the central tendency of the data and less towards the upper and lower 
extremities of the data in High treatments. This suggests fewer larger individuals and fewer 
smaller individuals are being caught in these areas. The small percentage contribution from 
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lower quartile ranges for both width and weight in the High treatments again highlights a lower 
abundance <MCRS individuals. Mean Carapace length and weight of H. gammarus in Year 1 were 
significantly different, but this is concluded to be related to the low number of individuals 
caught during this year, perhaps an effect of recovery post extreme weather. However in Years 2 
and 3, mean length and weight did not differ and were extremely similar across all potting 
treatments, suggesting no impact from potting. 
It is important to consider the relationship between size (width/length) and weight, and such 
comparisons are widely used in biology and ecology to infer conclusions about 
‘condition’ (Hartnoll et al. 1978; Datta et al. 2013). During decapod development, ontogenetic 
allometric growth patterns are common (Hartnoll et al. 1978). Although variable by age and sex, 
indeterminate intermoult cycles in C. pagurus and H. gammarus life histories result in size and 
weight always being highly interrelated (Hancock and Edwards 1966; Hartnoll et al. 1978; Wahle 
et al. 2013); and this was the case in this current study. In order to compare condition, 
demographics were again divided into <MCRS, Adult Males and Adult Females on account of 
potentially differing growth rates related to life history (Hartnoll et al. 1978), and relative 
allometric growth coefficients compared. This study used relative changes in weight as a 
determinant of individual ‘condition’. 
For C. pagurus the β growth rate coefficient, relative increase in weight per unit increase of 
width, did not differ significantly between the Control treatment and the potting density 
treatments in any year, for each of the three demographics. Growth rate is therefore not 
impacted by an increase in potting density. Although not tested, <MCRS β coefficients were 
consistently higher than Male and Female β coefficients, supporting the assumption that growth 
rates in juvenile C. pagurus are higher during early life history. Differences between a 
coefficients, describing the log linear relationship intercepts, were seen to differ in Medium and 
High treatments in comparison to the Control treatment potting in Year 3. Coefficients of both 
Adult Male and Adult Female C. pagurus were both significantly lower in Medium potting 
treatments, and in addition coefficients were significantly lower in High treatments for Adult 
Males, while very close to significant for Adult Females. As C. pagurus growth rates were 
consistent, lower intercepts translate into a lower weight on average per adult individual in 
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these treatments. This indicates that Adult C. pagurus caught in the higher potting density 
treatments are lighter in weight in comparison similar sized individuals caught in treatments of 
lower potting density. Condition did not however differ between treatments for <MCRS 
individuals. It is concluded that due to impacts on C. pagurus condition just seen in adult 
individuals, impacts are therefore interrelated with commercial potting pressures where adults 
are actively selected; which could alter population condition.  
Recently moulted C. pagurus are described as ‘soft’ crab, as newly exposed exoskeletal post-
moult tissues have not had time to harden (Edwards 1979). Interstitial growth space inside of 
moults have yet to be occupied by a developed crab are filled with seawater until muscle tissue 
is developed (Bennet 1995). Muscle is more dense than seawater (Waterman 1960), so individuals 
toward the beginning of the intermoult phase consist of a higher percentage of seawater and are 
lighter in weight (Edwards 1979). Throughout the UK and Ireland it is currently illegal to land 
‘soft’ brown crab under any circumstance. Soft individuals are therefore unlikely to be impacted 
by potting as they are returned immediately after being caught, and survivorship is believed to 
be high (Cefas Stock Status Report 2014). Additionally, the likelihood of soft individuals being 
caught in pots is low, as moulting is more prevalent in sexually immature crabs, during which 
growth is more rapid, and older crab that have recently moulted typically do not actively 
scavenge during the period of hardening to lower their risk to predation (Edwards 1979). 
However for larger crabs, whose growth rates are slower, muscle content can still be variable 
after this process of hardening is complete (Bennet 1995). For C. pagurus, intermoult phases can 
last up to four years during adulthood, and it is not uncommon for condition to vary substantially 
during this period (ICES SGCRAB Report 2004; Ungfors 2007). Environmental and physiological 
factors both contribute to the volume and quality of C. pagurus and the physiological 
composition of brown crab varies inter-seasonally influenced by a number of factors including 
environment, disease (Stentiford 2008) and intraspecies variation (Ungfors 2007); and for 
females the reproductive life history can be a significant factor in the maintenance of body 
composition (ICES 2003; Ungfors 2007).  
Muscle quality is associated with blood protein content which increases in C. pagurus tissues over 
time (ICES SGCRAB Report 2004). An increase in iron rich blood protein leads to a relative 
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heavier weight per unit measure of tissue, typically leading to tissues being darker in colour 
(ICES SGCRAB Report 2004). For C. pagurus blood protein content is visually determined in the 
form ‘white’ or ‘brown/red’ crab, the latter being heavier, in better ‘condition’ and more 
marketable. UK market values for brown crab are determined by weight, and prices are valued 
based on weight landed (£/kg) as meat (muscle) is the commodity. From a fishery point of view, 
variability in condition has resulted in weight acting as a selectivity measure, and in situ 
assessments are typically carried out by each fisher during sorting of catch. A test is performed 
by the fisher by gently applying pressure to the carapace underside of the outer flanks of the 
individual, and the level of resistance demonstrate meat content. This is a highly subjective 
measure which can vary between fisher and depending on time of year, market supply and 
demands, catch per unit effort of each fishing trip and local meteorological outlook (Local 
fishermen pers. comms). As a consequence, the heavier of two similarly sized crabs will be 
selected for with the other returned. This practice is typical for fishermen part of the local fishing 
fleet of Lyme Bay, who return lighter crabs or ‘white’ crab with the intention re-catching the 
same individual in future fishing trip to allow further development and thus a greater economic 
return from that individual. While not much is known about the movement patterns of adult C. 
pagurus, existing evidence suggests males are much more residential (Hunter et al. 2013).  
It is therefore concluded that these selective pressures being enforced by commercial fishers are 
contributing the declines in condition in areas exposed Medium and High potting densities, 
particularly in Adult Male C.pagurus. For the condition response variable the stated hypothesis is 
broadly accepted, as condition decreased with increasing potting density. Adult Female condition 
was almost significantly lower in the High potting treatments, suggesting this demographic may 
be being impacted in a similar way from selective fishing, but wider migratory ranges could be 
masking the effect of selective fishing pressures. For H. gammarus there were no significant 
effects between the condition allometric coefficients, suggesting that while abundances of 
lobsters have been impacted, condition has not. This could be related to the lower number of 
individuals sampled, meaning that all demographics were analysed together, plus weight 
selectivity is as often employed when sorting through smaller catches of H. gammarus. It should 
be noted that although not considered in this study, H. gammarus has showed a strong increasing 
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recovery trend since 2014, in all treatments. This pattern is also shown by juvenile lobsters 
which could have an important influence on recruitment of H. gammarus within the Lyme Bay 
MPA in future years. This is likely to be due to protection from the MPA, and so is important to 
highlight. 
For bycaught species, abundances had high temporal and treatment variability. Spider crab, Maja 
squinado, the velvet swimming crab, Necora puber, the lesser-spotted catshark, Scyliorhinus 
canicula, showed no interpretable trends over time.The most abundant free living fish species 
pouting, Trisopterus luscus, showed an increasing trend over time, representative of a recovering 
system, in Control, Low and Medium treatments; while a decreasing trend was shown in the High 
density potting treatment. This was a marginal decline but may be related to the frequency of 
this species to be killed and used as bait during redeployment of pots. The stated hypothesis was 
explorative, and it is concluded that further study into the impacts of potting on bycaught 
species, particularly into bait species that provide economic benefits to commercial fisheries 
such as T. luscus, is suggested. 
Implications 
From the evidence presented here, commercial potting can impact the target fishery species in 
multiple ways. This provides new evidence on the impacts of commercial potting on a fishery. 
High levels of potting density can alter the population structure as a result of direct fishing 
pressures. This could have important implications for a fishery that remains unregulated in the 
UK, and for C. pagurus and H. gammarus species landings that are not restricted by quota 
measures. Recent assessments conclude that these crustacean fisheries are being fished at a 
maximum, and if allowed to continue the elevated fishing pressures applied here could lead to 
the overfishing of these key species. Both C. pagurus and H. gammarus are important to Lyme 
Bay fisheries, and many of the local commercial potters rely heavily on these two species for 
their economic wellbeing. If these species were to decline there are likely to be social and 
economic implications. In areas of High potting manipulated for this study, potting density is 
considered to be at a maximum level due to spatial restrictions. If areas are allowed to be fished 
to this level, then a reduction in the available abundance and condition of C. pagurus, and 
abundance of H.gammarus, is likely. Condition was also lower for C. pagurus in Medium potting 
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treatment, a level of potting considered much closer to current levels of potting in Lyme Bay. 
Selective fishing could therefore currently be occurring in areas exposed to similar sustained 
potting densities in Lyme Bay. If this is the case, the ecological and economic consequences 
require further study. 
Commercial potting effort can be spatially heterogenous and thus is typically not restricted and 
concentrated to 500 x 500 m  areas. Patchiness in effort is often dependant on the behaviour of 
commercial pot fishers influenced by the number of active fishers and habitat availability. 
Behaviour is also dependant on target species abundances, which are also spatially variable, 
contributing to concentrations of fishing effort often on small patches of habitat. In the case of 
Lyme Bay, certain reefs are known to be more productive and profitable for commercial potting 
than others, and these areas are often subjected to the highest levels of effort. Such areas 
should be of particular focus in the cases of increased potting effort. 
Conclusions 
Providing robust and suitable evidence to management is important for making informed 
decisions when managing fisheries and marine resources, particularly in the UK where an 
evidence-based approach to management is favoured (Marine and Coastal Access Act 2009). This 
studies aim was to ascertain a density of potting that does not negatively impact target fishery 
species, but permits commercial potting to continue within an MPA. This study has demonstrated 
that there are potential impacts of potting on target fisheries when potting density is high. The 
knock-on consequences of a decline in abundance of both C. pagurus juveniles and adults, and H. 
gammarus adults, and the associated ecological impacts of reduced condition of C. pagurus 
populations requires further study. This evidence should also be considered in conjunction with 
the benthic impacts of high commercial potting effort, quantified in Chapter 2. 
Using this evidence, regulators must decide what level of potting is considered compatible with 
MPA objectives and management goals. EU and UK legislation outlines that the economic and 
social benefits that regional seas provide should be protected (MSFD; 2008/56/EC), and that 
activities, including fishing, should only occur inside MPAs if site integrity and management 
objectives of those proceed sites are not compromised (EU Habitats Directive 92/43/EEC). If 
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required, altering commercial fishing practices, controlling fishing effort, or removing 
detrimental activities should be considered in order to meet such objectives (Defra 2013a). 
As part of the ecosystem approach, MPAs designated as multi-use, such as the Lyme Bay MPA, 
should produce ecological, economic and social benefits, while at the same time supporting 
viable fisheries (Tett et al. 2013), helping to achieve a ‘win’ for fisheries management using this 
approach. As part of being involved with this research, each local fisher first signed up to a 
voluntary Code of Conduct, restricting the fishermen to a limit of 250 crustacean pots in total, 
that not exceeding a maximum of 10 pots per ‘string’. In light of this evidence, managers should 
consider enforced management to avoid potting intensity increasing in certain areas of Lyme Bay. 
This work is transferrable to other areas of similar habitat and species that may experience an 
increase in potting effort particularly in response to the designation of an MPA. The Lyme Bay MPA 
was introduced to protect and recover the sensitive reef habitats at risk from bottom towed 
fishing (Defra 2008). With over half of UK MPAs designated for ‘reef’ and reef related features 
(JNCC 2017), MPA protection is likely to benefit crustacean populations that thrive in these 
protected habitats, and so increasing commercial potting activities is probable. The evidence 
presented here can be taken forward, alongside site specific considerations, and be applied to 
the management of other potting fisheries. As baselines change in regard to what determines a 
fully functioning ecosystem, the future management of potting and other fisheries permitted to 
continue within multi-use MPAs should be continually reviewed (Tett et al. 2003). 
 196
Chapter Five: Fisheries (Part B) 
Potential spillover benefits to fisheries of ‘No potting’ areas 
 197
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This chapter assesses whether no potting positively affects target species and causes a ‘spillover’ 
effect in surrounding areas, where target species could be fished. Similar to Chapter Four, 
abundance and morphometry of target species are assessed through experimental potting in 
three treatments: No potting, Current potting (Medium experimental potting treatment) and 
Spillover. The results can be used to inform fisheries management on the efficacy of areas of no 
potting within a multi-use MPA. 
5.1 Introduction  
Marine Protected Areas (MPAs) are ecosystem-based management tools, increasingly used to 
provide benefits to both conservation and fisheries; typically through the protection of species 
and habitats from disturbing and damaging human activities (Kelleher 1999). Overexploited 
populations and degraded habitats, often associated with anthropogenic pressures, have been 
shown to recover after such pressures are alleviated following MPA designations and management 
(Halpern et al. 2010). This is certainly the case for MPAs designated to manage commercial 
fishing pressures (Gell and Roberts 2003). For example, increases in species’ abundances and 
size, improved condition and recovery of impacted habitats are some of the ‘direct’ benefits 
associated with ecosystem-based management approaches, leading to the advocation for the use 
of MPAs (Lester et al. 2009). 
It has also been theorised that MPAs can directly and indirectly benefit commercial fisheries over 
time (Bohnsack 1998), both within, and in areas adjacent to, MPAs (Gell and Roberts 2003). It is 
proposed that species and habitats that benefit from being within MPAs will enhance surrounding 
fisheries in two ways: through the net migration of adults and juveniles from inside MPAs to 
areas outside MPAs, and through the export of larvae and pelagic eggs to surrounding areas, 
particularly in the case of less motile and sessile species (Gell and Roberts 2003). This is often 
correlated with a net increase in the abundance of species and populations, and increased 
primary production (Bohnsack 1998). This phenomena is referred to as ‘spillover’, or the 
‘spillover effect’ (Bohnsack 1998; Gell and Roberts 2003; Lester et al. 2009; Russ and Alcala 
2011; Buxton et al. 2014). 
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Spillover has been proposed as a positive process that can benefit fisheries and compensate 
displaced fishers (Gell and Roberts 2003; Roberts et al. 2005). This has been central in justifying 
proposals made by the US, England and Australia when augmenting management of their marine 
environments and introducing MPAs (DEH 2003; Revenga and Badalamenti 2008; NOAA 2011). This 
justification has typically been based on theoretical spillover research (Rowley 1994), however, 
as there are relatively few empirical studies that have quantified spillover.  
5.1.1 Evidence of spillover  
Spillover effects were first noticed by accident rather than incident, as a by-product of de facto 
MPAs; marine areas protected for other rationales (e.g., Military, oil and gas) (Johnson et al. 
1999; Gell and Roberts 2003). Examples from these areas formed the basis of references to 
spillover made in early marine MPA literature (Rowley 1994; Russ & Alcala 1996; Willis et al. 
2003). Goñi et al. (2010) empirically tested the fishery benefits of spillover, demonstrating a net 
increase in recruitment inside an MPA leading to increases in commercial catches in areas 
outside of MPA boundaries. As spillover research develops, there is increasing evidence that 
spillover can occur in well-managed systems and fisheries (McClanahan and Mangi 2000). 
However, spillover benefits can vary in time, space and magnitude; often correlated with a 
number of different factors (Gell and Roberts 2003; Russ and Alcala 2011), including the spillover 
species quantified, and more specifically, level of mobility and extent of these species’ home 
ranges (Claudet 2010; Buxton 2014). In addition, it is often difficult to determine spillover 
effects when considering mobile animals moving between MPA boundaries, as is often the case in 
many target commercial fisheries (Russ 2002).  
Contrary to this it has been argued that the greater an animal’s mobility, the greater the 
confidence that benefits will be exported ‘beyond boundaries’ (Gell and Roberts 2003). There is 
good evidence showing that fishery species, including crabs (Yamasaki and Kuwahara 1990), 
lobsters (Rowe 2001), temperate fishes (Willis et al. 2001) and reef fishes (McClanahan and 
Mangi 2000), all move between protected and unprotected sites. Tagging studies of mobile fish 
species have shown that some members of the population may actually exhibit relatively small 
scale movements, suggesting that suitably placed MPAs could be beneficial to large numbers of 
these species populations (Gell and Roberts 2003; Pittman and McAlpine 2003). For example 
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Atlantic cod, Gadus morhua, considered a highly mobile species, has benefitted from MPAs 
introduced to protect key coastal spawning grounds and reproductively important areas (O’Brian 
and Munroe 2001). Evidence from many studies of lobster, in particular (Goñi et al. 2001; Rowe 
2001), has shown despite many species exhibiting mobility, site fidelity is important and well 
placed MPAs are vital, particularly during vulnerable life stages. This theory could be applied to 
some of the oceans’ greatest migrators including species of cetaceans, elasmobranchs and larger 
fish such as tuna (Norse et al. 2005; Gubbay 2006). Furthermore, small MPAs can be as effective 
in protecting mobile species as large MPAs, and this has been shown to be the case for spillover 
(Roberts et al. 2001). 
Russ and Alcala (2011) demonstrated that species richness increases linearly with time since 
protection, both inside and outside MPAs, but that a local spillover effect reduces as you move 
away from MPA boundaries. For large predatory fish, the model species in this instance, 
abundances were higher inside and immediately outside the MPA in comparison to further away. 
Reviews have highlighted that spillover effects can occur anywhere from 2-5 years after the 
introduction of an MPA (Gell and Roberts 2003), yet most evidence of spillover is associated with 
MPAs >5 years old (Russ and Alcala 2011). 
5.1.2 Consequences of spillover  
Much of the spillover literature is associated with MPAs that are considered ‘marine reserves’ or 
No-Take Zones (NTZs), examples of highly protected MPAs (Gell and Roberts 2003; Buxton et al. 
2014). Spillover effects are often compromised by fishing effort, and to maximise spillover all 
fishing pressures should be removed from within MPAs (Allison et al. 1998). This often results in 
the displacement of fishers and has been observed in a number of fisheries around the world 
(McClanahan and Kaunda-Arara 1996; Kelly et al. 2001; Bohnsack and Ault 2002; Goñi et al. 
2006), which has exacerbated vehement opposals to highly protected MPAs (Kellner et al. 2007). 
In response to strict fisheries management, a behavioural change in commercial fishers, 
commonly referred to as ‘fishing the line’, has developed. This describes instances where 
commercial fishing activities become concentrated along the edges of marine reserves (Murawski 
et al. 2005; Kellner et al. 2007). This can be considered as a knock-on consequence of spillover, 
where fishers benefit from the net increase in commercially targeted stocks spilling over from 
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protected areas into unprotected areas (Kellner et al. 2007; Russ and Alcala 2011). However, this 
behaviour not only provides further evidence for spillover occurring, but also shows that the 
level of spillover can often be economically beneficial (Kellner et al. 2007). Negative 
consequences of fishing the line behaviour have recently been highlighted. Halpern et al. (2004) 
and Kellner et al. (2007) theorise that fishing the line activities can significantly impact Catch 
Per Unit Effort (CPUE), particularly for fish populations both inside and adjacent to marine 
reserves. Highly mobile species have an increased likelihood of crossing MPA boundaries, and so a 
significant percentage of the population of these species is expected to be caught by fishers 
fishing the line. Additionally, species that do cross boundaries, having benefited from protection, 
are then unlikely to be able to become residential and develop, and reduce in areas that remain 
open to fishing (Halpern et al. 2004). Empirical studies that have demonstrated negative 
ecological consequences related to fishing the line behaviour highlight the necessity for well-
managed areas immediately adjacent to MPAs, in addition to standalone MPAs (Kellner et al. 
2007; da Silva et al. 2015; Di Franco et al. 2016). Further to this there is evidence that MPAs can 
have a recruitment benefit in surrounding areas through larval export (Harrison et al. 2012), and 
there are numerous examples where species, that are known to display levels of spatial 
heterogeneity for example important spawning aggregations or larval source-sink dynamics, 
benefit from MPAs suitably located to protect these important source areas (Wakefield 2010).  
If marine reserves are to deliver benefits to fisheries, as well as conservation, then spillover 
effects could be important in meeting management objectives. Empirical spillover evidence is 
required to fully understand the benefits and MPA managers should consider assessing spillover 
when introducing and monitoring MPA impacts. In order to manage fishing activities both inside 
and outside MPAs, the temporal variability and spatial extent of spillover effects needs to be 
better understood. 
 5.1.3 Lyme Bay Fisheries  
Lyme Bay, in South west, England, has a rich fishing history and a substantial fishing fleet, which 
has occupied its waters for over 150 years (Fox 2001). In 2008, the damaging impacts associated 
with bottom towed fishing led to a ban on mobile fishing gear within an MPA protecting a 206 
km2  area of seabed in Lyme Bay (Attrill et al. 2011; Sheehan et al. 2013a; Defra 2008; Mangi et 
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al. 2011). Potting, netting and other types of commercial and recreational fishing have been 
allowed to continue within this multi-use MPA (MMO 2015). Potting has a long history in 
southwest England and in the Lyme Bay MPA, and is now the dominant fishery as a result of 
bottom towed fishing displacement (Mangi et al. 2011; Rees et al. 2016). 
5.1.4 The experimental potting study  
As part fo the Lyme Bay potting study ‘No potting’ units were introduced, inside of which all 
potting effort was excluded, and these were used as a control against which changes associated 
with an increase in potting effort could be quantified. After bottom towed fishing, potting is 
considered the most prolific commercial fishery in Lyme Bay (Mangi et al. 2011). The No potting 
units have therefore introduced some of the highest levels of protection from commercial fishing 
within Lyme Bay, and could be considered small marine reserves (Hilborn et al. 2004). 
Using the experimental No potting units, benefits of these areas to target species, and the 
potential of No potting areas promoting a spillover effect to surrounding areas open to fishing, 
could be assessed. The main target fishery species of commercial potting in Lyme Bay are the 
brown crab, Cancer pagurus, and the European lobster, Homarus gammarus. For this study, 
’spillover’ refers to ‘the net emigration of adults and juveniles across MPA boundaries from areas 
inside (protected) to areas outside (unprotected)’. 
In order to assess the benefits of areas of no potting on the target fishery species C. pagurus and 
H. gammarus, and the potential spillover effects from a density gradient potentially built up 
inside No potting density units in response to no potting pressure, a quantitative potting 
methodology (as in Chapter Four) was applied for data collection. Data were collected from 
three treatments (No potting, Current potting and Spillover). The ‘No potting’ treatment was 
areas where all commercial potting activity had been removed the ‘Current potting’ treatment 
was areas exposed to current levels of commercial potting (‘Medium’ density units from 
experimental potting study), and the ‘Spillover treatment’ was an 80 metre area immediately 
surrounding each No potting treatment area. These three treatments were used to test for a 
spillover effect and to determine local spillover extent; with the ‘Current potting’ treatment as 
a control. 
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The following response variables were compared between all treatments (No potting, Current 
potting, Spillover): abundance (All, Males, Females), carapace width and weight. It was 
expected that if No potting treatments were positively affecting target species, then response 
variables would be higher in the No potting treatment, compared to the Current potting 
treatment. In addition, if a spillover effect to surrounding areas was occurring, then the 
response variables would not differ between No potting and Spillover treatments, and both 
would be greater than Current potting treatment. Using the response variables the following 
hypothesis (H1) was tested:   
                H1: (No potting = Spillover) > Current potting                  
The response variables were also used to test spillover extent using a Distance treatment 
(Inside, 0, 20, 40, 60, 80), from No potting treatment boundaries (number = Distance (in 
metres)). It was expected that as Distance from the treatment boundary increases, the response 
variables would decrease. Using the same response variables, the following hypothesis (H2) was 
tested over Distance from No  potting treatment boundary (Fig. 5.1):    
        
 H2:  Inside > 0 > 20 > 40 > 60 > 80 
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5.2 Methods 
5.2.1 Study site 
The study was located in Lyme Bay, South west England, and took place between 2015-2017. 
Lyme bay hosts rich biodiversity, is home to nationally and internationally rare species, and in 
2008 a 206 km2 MPA was introduced to protect sensitive important reef habitats from bottom 
towed fishing (Defra 2008) (see Figure 1.6a, b, Chapter One). All other types of commercial and 
recreational fishing activities were permitted to continue. Commercial potting is now the most 
significant fishery within the MPA (Mangi et al. 2011), with static potting targeting commercially 
valuable brown crab and European lobster species in particular. Four ports fall within the MPA, 
Beer, Axmouth, Lyme Regis and West Bay, all of which host vessels licensed for commercial 
potting. The fishery impacts associated with commercial potting are relatively unknown, so an 
experimental potting study was developed to manipulate potting density in order to assess 
impacts of increasing potting. This study was used to assess spillover in this Chapter.  
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Figure 5.1. Hypothesis (H2) for response variables testing spillover extent over distance 
from No potting treatment
5.2.2 Study design 
As part of the experimental potting density manipulation study, four experimental No potting 
units were introduced within the MPA (Fig. 5.2). Within each No potting unit, commercial potting 
activities have been voluntarily excluded for three years.   
Units were situated within the Lyme Bay MPA, which currently prohibits bottom towed fishing, 
and with the exclusion of commercial potting represent some of the most highly protected 
areas, within Lyme Bay. For the purposes of this study these areas of no potting can be 
considered as ‘marine reserves’ (Hilborn et al. 2004) protected from commercial potting and 
bottom towed fishing, with potential to benefit target fisheries through spillover. Each of the 
four ports inside the MPA had ownership over a unit (Fig. 5.2). There are currently four 500 x 500 
m No potting units sited on homogenous mixed ground or rocky reef substrata between depths of 
25 m – 31 m (Fig 5.2). Each no potting unit is marked with a yellow A1 buoy at each corner to 
notify fishers and encourage compliance.  
Current potting units were introduced as part of the experimental potting study (Medium density 
units as part of initial study design set up), and represent current levels of commercial potting.  
The immediate surrounding area (80 m) of each no potting unit was also sampled to test for a 
local spillover effect.  
5.2.3 Data collection  
Evidence suggests spillover effects manifest themselves several years after protection, and so 
data were only collected as part of the last two years of the experimental potting study. 
Sampling therefore commenced in Year 2 of the experimental potting study,  during Summer 
2015. Sampling was conducted four times throughout each year to encompass seasonal variation. 
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Quantitative pot sampling, a similar methodology to Chapter Four, was undertaken in each 
treatment. Experimental pots were used (same pots used for density manipulation), that were 
industry standard, measuring 28 inches x 21 inches x 15 inches, with a mesh (net) size of 40 mm 
and a 10 inch entrance or ‘mouth’. Four ‘strings’ of experimental pots, divided into ‘strings’ of 
five pots each, were individually baited and deployed. For No potting and Current potting 
treatments four strings were haphazardly deployed within each experimental unit (Fig. 5.3). For 
Spillover treatment sampling, strings were deployed perpendicularly away from the edges of the 
No potting unit boundary, to the north, east, south and west (Fig. 5.3). Individual pots were 
equally spaced (20 metres) apart on strings, so a spillover ‘Distance’ measure, 0 - 80 metres, 
could be applied (Fig 5.3).   
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Figure 5.2. Distribution of experimental No potting treatment units throughout the Lyme Bay 
MPA, as part of the experimental potting study
Port 
MPA 
No potting unit
Data were collected per individual pot, and species caught were kept for sampling, while species 
that would not survive for long out of water were recorded and returned. Following a similar 
methodology outlined in Chapter Four, C. pagurus and H. gammarus abundance, carapace widths 
(CW) in millimetres measured using a 200 mm digital caliper (see Figure 5.4), wet weight (W) in 
grams measured using 10 g - 40 kg digital hanging scales, sex, cheliped status (intact or number 
missing), and signs of ovigery (if present) were recorded. 
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Figure 5.3. Representation of quantitative sampling in both experimental units (No potting 
and Current potting treatments = green box), and from Spillover treatment (around No 
potting treatments = grey area).
String number, treatment, time in and out of water, date and GPS location, measured using  a 
handheld Garmin eTrex 10 were also recorded. Frozen scad (Decapterus macarellus), sourced 
from a local supplier, was used for bait. After sampling all species were returned to where they 
were collected from. Sampling was repeated for all three treatments (No potting, Spillover, 
Current potting) and for all ports (Beer, Axmouth, Lyme Regis, West Bay) (Fig. 5.5).  
5.2.4 Data analysis  
For annual comparisons, data were compared between year. Sampling started in Year 2 of the 
wider experimental potting study, so for annual comparisons the Year factor was analysed as Year 
2 and Year 3. 
For treatment comparisons, data were first pooled per string (5 individual pots = 1 string). The 
sampling design had three-factors: Year (2, 3) Treatment (No potting, Current potting, Spillover), 
and Area (Random: Beer, Axmouth, Lyme Regis, West Bay) with replication of four strings (of 5 
pots, averaged) at the lowest level (Fig. 5.5). 
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Figure 5.4. Carapace width (CW) measurements for Cancer pagurus caught during sampling 
(Image, not to scale,  adapted from Hayward and Ryland 1995).
CW
  
Figure 5.5. Visual representation of full spillover analytical design 
Data were then square-root transformed and the response variables abundance, width and 
weight were compared between each Treatment (No potting, Spillover, Current potting), across 
both Years. Univariate comparisons between Treatments within each Year were tested for using 
PERMANOVA+ add on in the Primer v7 software package. Values of <0.05 were used to denote 
significant differences between factors, and significant results were then investigated further 
using post-hoc pairwise comparisons in PERMANOVA+. A sex ratio response variable was also 
measured but not analysed. 
For spillover extent analyses, data were not pooled per string and pot data were separated and 
assigned a Distance (Inside, 0 m, 20 m, 40 m, 60 m, 80 m); Distance being from the No potting 
unit boundary, Inside meaning inside the No potting unit. The response variables abundance, 
width and weight were then compared between Distance, in Year 3 only, using PERMANOVA. Data 
were square-root transformed and pairwise comparisons were carried out where significant. 
Linear regressions were then also performed, using Distance (Inside - 80 m) as the Independent 
Variable (IV), with the response variables abundance, width and weight as the Dependent 
Variable (DV). Linear regression analyses were performed using R 1.0.153, and significant 
relationships were indicated by high value coefficients (r2) and P values <0.05. Regressions 
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(String)
tested for relationship strength between response variables with Distance. Significant negative 
relationships indicate a decrease in the measured response variables and Distance from the No 
potting boundary (0 m), indicative of a decline in spillover, while no collinearity indicated by low 
r2 values suggest responses remain consist with Distance suggesting spillover effects detected 
across all Distances tested and will be looked at further through post hoc analyses.  
All analyses were performed for C. pagurus individuals only. Abundances of H. gammarus (n = 41) 
were spatially and temporally highly variable, with recorded abundances considered too low for 
meaningful analysis.
5.3 Results 
Between Years 2 and 3, eight seasonal spillover sampling periods were carried out, and a total of 
642 C. pagurus individuals were caught. Four C. pagurus individuals showed signs of visible 
damage (1 chela missing) and so were excluded from width and weight analyses. There were no 
dead individuals caught in any of the samples.   
Cancer pagurus abundance 
In both years, higher abundance was seen in No potting treatment (Year 2 = 96 ind. ± 14.049, 
Year 3 = 91.5 ind. ± 13.563) in comparison to Spillover and Current potting treatments (Fig. 5.6). 
Mean abundance of C. pagurus did not differ significantly between Year and Treatment and there 
was no Year x Treatment interaction (Fig 5.6; Appendix table E1). Sex ratios (expressed as 
number of Males per 100 Females, percentages on bars, Fig 5.6) did not seem to differ between 
Treatments and Years. A near even 1:1 Sex Ratio was consistently maintained.  
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 There were no significant differences in abundance when tested between Distance (P = 0.440; 
Appendix table E2). Linear regression predicting Abundance based on Distance for Year 3 was not 
significant (Year 3  F(1,18) = 0.051, P = 0.483,  r2 = 0.06) and showed a high degree of variability 
between distances (Year 2 MS = 0.95339; Year 3 MS = 0.7797) (Fig 5.7; Appendix table E3). 
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Figure 5.6. Abundance (mean ± SE) of C.pagurus for No Potting, Spillover and 
Current potting treatments for both Years (2,3). Dotted portions indicate number of 
Male C.pagurus per 100 Females as a percentage (expressed on bars) of total 
abundance for that treatment. Asterisks denote significance.
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Table 5.1. a) PERMANOVA testing differences in C. pagurus weight between Years (2,3) and 
Treatments (No potting, Spillover, and Current potting) b) pairwise tests between treatments for 
both Years. 
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Figure 5.10. Weight (Mean ± SE) of C.pagurus for No Potting, Spillover and Current potting 
treatments for both Years (2,3). Asterisks denote significant differences
*
a)   Source df MS Pseudo-F P (perm)
Year 1 0.0014 0.2980 0.5975
Treatment 1 0.2385 4.9396 0.0466
Year x Treatment 1 0.001 0.0001 0.039
Residual 12 0.0048
Total 15
b)   Source t P
Year 2:
 No potting, Spillover 1.823 0.872
 No potting, Current potting 1.883 0.923
Spillover, Current potting 1.81 0.777
Year 3:
 No potting, Spillover 1.293 0.025
 No potting, Current potting 1.443 0.039
 Spillover, Current potting 1.762 0.327
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be commercially exploitable. This has previously been defined and coined as spillover. In this 
study those species commercially important to potting in Lyme Bay are the brown crab C. 
pagurus and the European lobster H. gammarus; however, H. gammarus species were not 
analysed in detail due to sampling limitations. 
The study collected data from three treatments (No potting, Spillover, Current potting) and 
treatments were compared to determine if a spillover effect was occurring. Spillover was then 
tested over Distance, to determine spillover extent. The study commenced one year into the 
ongoing experimental potting study.  
Abundances of C. pagurus were similar between treatments and consistent over time. There was 
no significant difference between No potting and Current potting treatments, suggesting that No 
potting areas were not having a more positive effect on C. pagurus when compared to Current 
potting levels. In addition, abundances of C. pagurus did not differ between these treatments 
and the Spillover treatment, suggesting that spillover is not occurring. This is to be expected as 
before a spillover effect can be observed, the protected area (No potting) has to demonstrate  a 
positive effect in comparison to areas that continue to be fished. 
Abundances were also consistent across distance from boundary in Year 3; however, data were 
highly variable within each of these distances and coefficients of correlation between Distance 
and abundances were extremely low, suggesting that Distance does not explain changes in 
abundances.  
From these results it is concluded that, after three years, abundances of C. pagurus are not 
increasing through spillover and influencing population size in areas up to 80 m outside No 
potting treatments. As there were no differences in abundance between treatments, and 
abundance did not decrease with distance, both stated hypotheses are rejected and the null of 
no spillover effect is accepted for the response variable abundance. There is also no influence of 
sex ratio on the abundance of C. pagurus in both years across treatments. In Chapter Four it was 
shown that abundances of C. pagurus only declined when areas were exposed to a high potting 
density regime, related to an increase in direct potting pressures. We do not know the level of 
commercial potting activity around No potting treatments; however, evidence presented here 
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suggests that the level of potting in the spillover treatment is likely to be less than or equal to 
current levels of commercial potting. 
C. pagurus widths and weights were analysed to see if there was any evidence of a spillover 
effect on the sizes of individuals. In Chapter Four it was shown that width did not differ in 
response to increasing potting density, and it was concluded that potting effort did not have an 
impact on carapace width of C. pagurus. In this chapter, widths were very similar and consistent 
between all treatments in both Year 2 and 3. From this evidence it is concluded that areas of no 
potting are not positively benefitting the size of C. pagurus individuals after three years. In 
addition, width did not change with Distance from No potting treatment boundary, and low 
coefficient values and high error values suggest that Distance was not a good model predictor, 
again reiterating an absence of a spillover effect. This also shows that individuals caught Outside 
were not skewed towards a particular size of C. pagurus. Both H1 and H2 are rejected and it is 
concluded that there is no indication of local spillover effects. 
Mean weight of C. pagurus was similar and consistent between treatments in Year 2, but was 
significantly higher in the No potting treatment in Year 3, compared to both Spillover and 
Current potting treatments; this shows that areas of no potting have increased mean weights of 
C. pagurus. However, there is no evidence for spillover as mean weights were significantly lower 
and consistent across both Spillover and Current potting treatments. Analysis of weight against 
Distance highlighted that while weight was variable, it remained consistently lower than Weight 
Inside across all distances measured. Higher mean weight inside the No potting treatment 
contributes to a negative linear relationship with Distance; however, similarly to the other 
response variables measured, this relationship is extremely weak and error of the model fit is 
high. The results show no indication of heavier C. pagurus individuals spilling over into 
surrounding areas, and that Distance is not a good predictor; both H1 and H2 are therefore 
rejected. This conclusion may again be related to no spillover occurring for these individuals, or, 
any spillover that is occurring may be being confounded by continued commercial potting 
pressures in the Spillover treatment.  
Results from Chapter Four highlight that the mean weight of C. pagurus individuals was altered 
by exposure to High potting densities. From anecdotal and opportunistic observations that 
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occurred during sampling, plus additional conversations with local fishers (Angus Walker, Aubrey 
Banfield pers. comms), it was clear that fishing effort in the immediate 80 m surroundings of the 
No potting areas was considered low. Commercial fishers within the MPA are particularly 
observant as monitoring the activities of other fishers can often influence their own practices, 
particularly in cases where compliance with management measures is of importance. Confidence 
in reports of low ‘fishing the line’ efforts is therefore high in this study, and so unlikely 
confounding spillover effects, particularly when considering that fishing the line effort would 
have to be of a high density, and sustained over time, in order to influence mean weight of the 
brown crab population. It is therefore of much greater likelihood that spillover is not occurring, 
and that weight of C. pagurus is not being confounded by increased potting effort in the 
immediate surrounding areas of No potting treatments.  
Most spillover studies have demonstrated that spillover effects are determined 2-5 years post 
MPA implementation, with most studies concluding that >5 years are needed to detect spillover 
(Gell and Roberts 2003). Additionally, spillover can be influenced by the behaviour and life 
histories of individual species, as well as the availability of suitable habitat in areas outside the 
MPA boundary (Buxton et al. 2014). The movements of C. pagurus are not well understood, and 
their potential for site fidelity even less so (Cefas 2011b). In addition, reef habitat is spatially 
heterogenous throughout Lyme Bay and the suitability of habitat in areas surrounding No potting 
treatments is not known. All of these factors could be playing an important role in inhibiting 
spillover.  
Buxton et al. (2014) theorised that spillover effects may not be very pronounced in well-
managed  fisheries. This theory has been backed up by empirical study highlighting that spillover 
effects are typically only detected when unprotected fisheries have been highly depleted 
through fishing, and where traditional fisheries management controls do not exist (Abesamis and 
Russ 2005). In this current study, No potting treatments were situated inside an MPA that already 
protects many commercially important populations from the impacts of bottom towed fishing 
(Sheehan et al. 2013a). The fisheries that continue within the MPA, including potting, are less 
damaging and have benefited from MPA restrictions (Sheehan et al. 2013a, 2015; Rees et al. 
2016), and in the Lyme Bay MPA C. pagurus stocks are considered to be fished close to maximum, 
but not overexploited (Cefas 2014). If the areas surrounding No potting treatments continue to 
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be well-managed, and stocks of C. pagurus remain below the level of overexploitation, spillover 
effects may not be detectable. Only when the abundances and condition of brown crab are 
significantly higher in the No potting treatments in comparison to surrounding unmanaged areas, 
may a spillover effect be observed. 
Despite only C. pagurus being assessed, this is a significant commercial species for Lyme Bay pot 
fisheries. The response variables measured were highly variable and potentially influenced by 
multiple factors outside of this study’s scope. For all of the variables, there were no observed 
increases near No potting treatment boundaries, and this remained consistent with Distance 
away. From this, spillover doesn’t appear to be providing economic benefits to fisheries. 
However, the potential for spillover from these highly protected areas that have excluded two 
major commercial fisheries should not be discounted. Recovery of some of the benthic species 
and habitat in response to a closure to bottom towed fishing was only significantly detected 
after four years (Sheehan et al. 2013a), and in Chapter Four of this study ecological impacts of 
high potting intensity were only significant after three years of potting density manipulation. 
Ecological studies such as these that assess ecosystem level changes in response to introduced 
management controls require multiple years of study (Babcock et al. 2010). For fisheries, the 
manifestation of a spillover effect may require even longer; often only occurring once a gradient 
in population density across management boundaries is established and maintained (Buxton et 
al. 2014). It is theorised that the net migration of individuals across boundaries is density 
dependant and spillover increases outside MPAs are interrelated with larger resident populations 
inside of MPA boundaries (Abesamis and Russ 2005). No potting areas will likely require more 
than three years protection from potting in order to build such gradients and influence 
surrounding populations. While smaller MPAs can still promote spillover, it has been shown that 
spillover benefits have density dependant associations, typically scaling with MPA size (Gell and 
Roberts 2003; Claudet et al. 2008). Treatment areas measured 500 x 500 m and represent very 
small scale management, that may need to become larger with time. Only then may these areas 
of no potting benefit fisheries through detectable spillover. 
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5.5 Conclusion  
This study has shown that areas of no potting in Lyme Bay, do not yet provide spillover benefits 
to the commercially targeted species C. pagurus to areas immediately surrounding the protected 
areas, after potting activities have been removed for three years. In particular, abundances of C. 
pagurus and individual sizes and weights caught Inside No potting treatments did not seem to 
show any effect of spillover when compared to Spillover and Current potting treatments. 
As part of the Lyme Bay experimental potting study, this chapter aimed to quantify potential 
fisheries benefits of No potting treatments introduced during the study. These areas represent 
some of the highest levels of spatial management of fisheries in Lyme Bay, with bottom towed 
fishing previously removed as well. This study concludes that after three years of protection 
from commercial potting activities, that there is no evidence of spillover on the response 
variables measured within an 80 m area immediately surrounding No potting treatments, for the 
commercially targeted brown crab. Whilst spillover effects are not detected here it should not 
be concluded that spillover is not occurring or mightn’t occur later in time. Spillover can be 
influenced by a number of factors, including resident populations inside protected areas, levels 
of commercial fishing exploitation outside of protected areas as well as the status of the 
fisheries and fishing grounds in unprotected areas. 
Quantification of spillover from No potting areas was considered important when assessing the 
efficacy of MPAs in providing dual benefits to both conservation and fisheries. Spillover is one of 
the potential benefits offsetting the short-term negative consequences of introducing MPAs into 
fishing grounds. The strongest empirical spillover evidence is associated with complete no-take 
zones (NTZs) or marine reserves, in which all direct pressures, namely fishing, have been 
removed. Both theoretical and empirical research show that spillover benefits develop over 
multiple years and the magnitude of spillover benefits can be confounded and influence by many 
factors, both within and outside of NTZs or MPAs. It is expected that if areas of no potting 
continue to be managed and enforced, then the associated fisheries benefits will increase over 
time.  
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Tagging of C. pagurus individuals would provide further evidence on the finer scale movements 
of this species and on the potential for spillover through net migration of individuals to areas 
open to fishing. This study only considers spillover through the net migration of developed 
individuals across boundaries, and spillover at a larval level is not considered. C. pagurus are 
broadcast spawners and larvae are released into the water column (Thompson et al. 1995), thus 
larval settlement and population increases enhanced by an increased level of larval recruitment 
as a result of protection from potting should also be assessed. 
The UK has committed to multiple targets to protect a significant portion of its national waters, 
contributing to regional and international networks of MPA. As part of these networks, highly 
protected areas should be considered as reference areas, akin to NTZs or marine reserves, to 
provide evidence from un-impacted habitats and features. In addition to this, the potential 
benefits of such highly protected areas to surrounding fisheries through spillover should be 
considered, monitored and evaluated. Data collected here should be used as a baseline for 
spillover monitoring, and longer-term monitoring of the No potting areas is recommended.
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Chapter Six 
 Synthesis 
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This chapter provides a synthesis of all thesis chapters and an overall general discussion of the 
results from each. Results are discussed in an ecological context, with potential implications for 
management. 
6.1 Introduction 
This thesis has undertaken a multifaceted ecological assessment to investigate the ecosystem 
and fishery impacts of increasing potting densities within the Lyme Bay multi-use MPA. 
Previously, these two categories have been subdivided and managed in isolation, however recent 
ecosystem-based approaches to management require both ecosystem and fisheries management 
to be conducted holistically (Pikitch et al. 2004; CBD 2010; Halpern et al. 2010). Marine 
Protected Areas (MPAs) are tools increasingly used by managers to apply the ecosystem-based 
approach to management, and evidence of their benefits to both ecosystem and fisheries 
management have led to many MPAs being implemented globally (Wars 2003; Shears et al. 2006). 
MPA management is typically variable, often determined through differing objectives, thus MPAs 
exhibit a vast range of regulations and restrictions (Worm et al. 2006). The majority of MPAs 
restrict anthropogenic activities considered incompatible with management, often in an attempt 
to halt the depletion and degradation of marine resources; and in some cases, promote recovery. 
Very few MPAs completely remove all anthropogenic activities, and those that do are often 
vehemently challenged, on account of the social and economic consequences associated with 
restrictive management. As a result, many MPAs are considered as multi-use or partially 
protected MPAs, within which anthropogenic activities are managed according to their 
compatibility with the management objectives of that MPA. Commercial fisheries are often 
managed in this way within MPAs, and as a result many commercial fisheries are often either 
prohibited, managed and permitted to continue within multi-use MPAs. 
The management of commercial fisheries through the use of MPAs has been well documented 
(Côté 2001; Gell and Roberts 2003; Gaston et al. 2008; Polunin 2009), particularly in the UK 
(Jennings 2009; Sheehan et al. 2013), with the most damaging forms of fishing often removed to 
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protect sensitive marine species and habitats at risk from commercial fishing practices or 
overfishing. The negative impacts of bottom towed fishing, on benthic habitats in particular, 
have been well documented and many MPAs have banned bottom towed commercial fishing 
practices (Hall-Spencer and Moore 2000). The majority of alternative commercial fisheries are 
considered to be less damaging, or lack evidence on their associated impacts, and so are 
permitted to continue within MPAs. One such example is the Lyme Bay MPA, South west England. 
A knock-on consequence from the management of bottom towed fishing activities within this 
area has led to an increase in unregulated commercial potting within the MPA, on recovering 
protected habitats, without the ecological impacts of this fishery being understood. It is this 
knowledge gap which formed the basis for the questions driven by this thesis, evidence from 
which could then be used when regulating commercial fishing activities within multi-use MPAs. 
With MPA designations increasing to meet ever expanding national and international targets, 
with over half of all UK MPAs designated to protect reef features (JNCC 2017), quantification of 
the impacts of commercial potting on sensitive benthic reef habitats, and target fisheries of 
commercial potting, was considered to be of particular importance. 
Primarily this thesis has investigated impacts of increasing potting effort on the ecosystem and 
on target fisheries based on evidence collected as part of an experimental study, which 
manipulated potting densities within the Lyme Bay MPA for three years. In addition areas of no 
potting were introduced foremost as experimental controls from which benefits of removing all 
commercial activity could be quantified, however the potential spillover benefits to surrounding 
areas could also be assessed. These were tested in the four data chapters, and were as follows: 
• Chapter Two: Assessing the impacts of increasing potting density on sessile and 
sedentary reef species and assemblages. 
• Chapter Three: Assessing the impacts of increasing potting density on benthic macro-
mobile species and assemblages 
• Chapter Four: Assessing the impacts of increasing potting density on target fishery 
species and associated bycatch 
• Chapter Five: Potential spillover benefits to fisheries of ‘No potting’ areas 
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Upon completion of this thesis, chapters Two and Four are being prepared for publication with 
additional publications planned. This chapter (Six) aims to synthesise how the main findings fit 
with the overall research questions outlined in the thesis, following the ecosystem and fisheries 
format used throughout this thesis. This chapter will then highlight the wider applications of this 
research and the evidence provided, and its implications for the management for commercial 
pot fisheries, whilst discussing potential avenues for further study.  
6.2 Implications for ecosystem management 
The research of Chapters Two and Three have provided in-depth, quantitative analysis of the 
ecosystem impacts of increasing potting densities on recovering benthic reef habitat. Until now, 
previous evidence has been conflicting, with the majority of evidence concluding that potting 
impacts were benign (Eno et al. 2001; Coleman et al. 2013; Gall In press). However conclusions 
were based on short-term research, and so evidence of the longer-term impacts of potting was 
still is required. Studies also displayed a lack standardisation of effort and an absence of un-
fished controls, considered necessary as part of ecological impact design, against which 
assumptions and results can be tested (Underwood 1997). 
Results from this research have shown that potting impacts occur at the ecosystem and fisheries 
level, namely when at a density considered to be around the current levels of commercial 
potting in the Lyme Bay MPA, and above; indicative of increasing commercial potting effort. In 
particular, impacts on the abundances of two key sessile indicator species assessed in Chapter 
Two were observed. For the Ross coral (Pentapora foliacea), recovery was inhibited in all 
treatments where potting occurred indicated by low abundances over time in comparison to 
treatments where potting had been removed, and the white sea squirt (Phallusia mammillata) 
decreased abundance over time was seen in areas of current and increased levels of potting 
(Medium and High). These impacts are likely the result of repeated hauling and deployment and 
subsurface movements of pots, which, over time, damages these sensitive species with slower 
rates of recovery. Although never quantified, previous research had alluded to impacts of potting 
to sensitive sessile reef species, including P. foliacea, a particularly brittle bryozoan, which had 
visibly sustained ‘some damage’ or were ‘badly smashed’ after short term experimental potting 
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studies (Eno et al. 2001; S. Gall In press). The impacts from all levels of  on P. foliacea, highlight 
the importance no potting areas i.e. controls in ecological study. No potting areas are shown 
here to be important for a sensitive, and recovering, species. This adds further weight to the 
argument that highly protected areas, or marine reserves, should be incorporated either within, 
or in addition to, MPAs. Highly protected areas can then provide insight into species recovery 
and increases in areas protected from all fishing; evidence from which ecological baselines 
should be set. 
P. mammillata is a large solitary marine tunicate with low fecundity and medium recoverability 
(Jackson et al. 2008; Langmead et al. 2010), typically found growing on hard substratum. The 
cellulose test is tough but the weight and tension of pots and their ropes would be enough to 
remove such species, again noted during previous research (Eno et al. 1996, 2001; Hall et al. 
2008). Other indicator species including the pink sea fan (Eunicella verrucosa) showed an impact 
of High potting density, as abundances displayed a decreasing trend over time, despite not 
statistically significant. With further study, the benthic impacts associated with areas of high 
potting effort sustained over time the impacts may become more pronounced and wider ranging.  
The ecological consequences of these impacts on sessile reef species are theorised in this thesis, 
but are ultimately unknown. The selected indicator species are important biogenic reef species, 
providing structural complexity and contributing to 3D erect structure of biogenic reefs. This 
structure is essential for the settlement of larvae, nursery for juvenile mobile species and laying 
of eggs or nests (Bradshaw et al. 2003; Johnson et al. 2003; Kelaher 2003; Howarth et al. 2011). 
A decline in key biogenic reef forming species may have negative impacts on reef associated 
sedentary and mobile species, some of which may be important for the provision of ecosystem 
services; including the maintenance of commercial fisheries. To fulfil ecosystem-based 
approaches in assessing ecological impacts of commercial potting, impacts on benthic biogenic 
reef associated macro-mobile species and assemblages were additionally quantified. Although 
there were no observed impacts of commercial potting, at current and increased levels, on 
macro-mobile communities, further longer-term study is suggested. This would provide more 
determined conclusions on the potential interrelatedness between benthic reef habitats and 
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associated mobile communities, and the ecological impacts a consequent breakdown in the 
availability key biogenic reef species as a result of increased potting. This is of particular 
interest in the context of a recovering MPA, and where biogenic reef species are theorised to 
play a valuable role in increasing the ecological resilience of MPAs (Howarth  et al. 2014). 
A well functioning ecosystem is underpinned by the preservation of its species and habitats that 
provide ecological, social and economic benefits. Sustainable commercial fishing activities 
should only allowed to continue if their compatibility with MPA and marine management 
objectives is justified (Link 2002; Tett et al. 2013). This research has quantified the direct 
ecosystem impacts of increasing commercial potting effort on benthic sessile and associated 
macro-mobile species and assemblages. Robust evidence has been provided, which should now 
be taken forward in management and used in decision-making processes in regards to the 
compatibility of commercial potting levels with the Lyme Bay MPA, and other MPAs, and in 
achieving Good Ecological Status (GES) of the UK’s regional seas through the maintenance of 
favourable conservation status.  
6.2 Implications for fisheries management 
Assessments of fishery impacts and ecosystem impacts are typically carried out in isolation 
(Garcia 2003; Howarth et al. 2014). In order to test the efficacy of the Lyme Bay multi-use MPA in 
achieving dual-benefits for both the ecosystem and fisheries, target fishery responses to increasing in 
commercial potting effort were assessed in Chapter Four. In Lyme Bay, commercial potting activities 
predominantly target the high value crustacean species brown crab (Cancer pagurus) and European 
Lobster (Homarus gammarus). Increased availability of these species recovering from bottom towed 
fishing pressures since the introduction of the MPA (Sheehan et al. 2013a; Rees et al. 2016), plus 
increased space and decreased conflict and competition between commercial potters has contributed 
to rise in commercial potting effort in the Lyme Bay MPA. The benefits to fisheries from well-managed 
MPAs are known, however, for unregulated fisheries such as potting overexploitation is a potential 
negative consequence. In addition, in the case of Lyme Bay commercial potting may be impacting 
recovery. 
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For this research experimental potting density treatments were used to gather data on the 
impacts of increasing potting density on the target fishery species Cancer pagurus and Homarus 
gammarus plus associated bycatch. The behaviour of these species make them inconspicuous in 
rocky reef habitats and the video survey techniques described in Chapters Two and Three were 
unsuitable to collect morphometric data, so a quantitative potting methodology was applied for 
data collection. The research found that, over time, commercial potting impacts these target 
fisheries, when exposed to a high potting density regime in particular. For brown crab (C. 
pagurus) in areas of high potting density, a decline in abundance was observed, while a similar 
decline was seen in lobster, H. gammarus, but this was not significant. In addition, 
morphometric analyses revealed that condition of brown crab had decreased over time in areas 
of medium and high potting densities as average weights decreased over time, indicated by 
significantly lower length-weight relationships in the adult male demographic in particular. Adult 
Female condition was almost significantly lower in the High potting treatments, suggesting this 
demographic may be being impacted in a similar way from selective fishing, but wider migratory 
ranges could be masking the effect of selective fishing pressures. There was no observed change 
in condition of lobster for any of the demographics tested. 
It is concluded that a selective fishing pressure is being placed on adult brown crab driven by an 
economic incentive for fisheries to select for heavier individuals of legally-sized brown crab on 
account of their increased meat content which has greater economic returns at market (MMO 
2015). Variability in brown crab weight is driven by ontogenetic and environmental variables 
(CES 2003; Ungfors 2007; Stentiford 2008) and so intraspecies fluctuations in total weight are 
expected, however commercial fishing selectivity is potentially leading to a lower total weight 
of brown crab over time. Similar direct selective fishing pressures have been observed in 
alternative fisheries, however this is  novel evidence for commercial pot fisheries.  
The ecological consequences of this shift in overall condition are not known, however weight can 
be considered a proxy for muscle quality on account of blood protein content which increases 
with muscle content (ICES SGCRAB Report 2004). The energetic demands of growth and 
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reproduction in brown crab are reliant on internal body composition. Therefore a reduction in 
overall weight and condition of a brown crab population could impact overall reproductive 
success and productivity (Levitan 1991).  
Recent assessments concluded that brown crab and lobster crustacean fisheries in the English 
channel are being fished at a maximum (Cefas 2014). It has been demonstrated in this thesis 
that if commercial potting is allowed to continue unregulated this could lead to a rise in effort 
and overfishing of key target species as a result (Cefas 2014). C. pagurus and H. gammarus are 
important Lyme Bay fisheries, and many of the local commercial potters rely heavily on these 
two species for their economic wellbeing (Rees et al. 2016). The research in this thesis has 
quantified the direct fishery impacts of increasing commercial potting effort on target fishery 
species and associated bycatch, providing robust evidence that should now be taken forward in 
management. In Lyme Bay negative impacts on the abundances of brown crab are seen in areas 
exposed to commercial potting effort above current levels, while commercial fishing selectivity 
leading to a decline in the condition of brown crab is occurring in areas exposed to current 
levels of commercial potting in Lyme Bay, as well as areas of elevated potting effort. From a 
fisheries perspective, efforts should be taken to introduce commercial potting regulation in 
order to reduce potting effort in Lyme Bay. If allowed to continue brown crab quality, and 
economic return, may decline over time. Appropriate adaptive management of commercial 
potting should now be considered for the Lyme Bay MPA if the commercial pot fishery cannot be 
sustained.  
The areas of no potting that have been introduced in this study provide some of the highest 
levels of protection in Lyme Bay, as areas that have removed commercial potting activity, albeit 
voluntary, within areas that have previously benefitted from a cessation in bottom towed fishing; 
The effort that has gone into achieving this should not be undermined. No potting areas should 
be encouraged to remain in place and should continue to be monitored. 
Chapter Five assessed the potential of these areas of No potting benefitting surrounding areas 
through a local spillover effect. No spillover effects were determined, however data collected in 
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this chapter provides important baselines for future assessments of spillover and no potting area 
benefits to brown crab fisheries in particular. In addition, it provides further evidence and 
agreement with previous studies (Lambert et al. 2000; McClanahan and Graham 2005; Babcock 
et al. 2010; Sheehan et al. 2013a, 2015) regarding the timescales necessary for the occurrence 
of spillover effects. 
Spillover effects typically only manifest after a number of years protection, and after a density 
gradient has been built up between protected and unprotected areas (Gell and Roberts 2003). It 
is theorised here that over time spillover benefits should increase and be detected from the no 
potting areas in Lyme Bay. 
6.3 Integrating commercial potting 
Whilst this thesis is structured in a standalone chapter format with each assessing a difference 
ecological aspect related to changes in commercial potting densities, in order for holistic 
conclusions to be drawn the links between each chapter are now synthesised. Chapter Two 
showed that commercial potting may not be compatible with two slow growing sensitive 
indicator species, important in the formation of functionally important biogenic reef. It is 
therefore essential that for long-term stability of biogenic rocky reef within the Lyme Bay MPA, 
commercial potting effort should be regulated. Chapter Three highlighted that there were no 
observed impacts of increasing commercial potting on benthic macro-mobile reef associated 
species. It is widely accepted that there is interrelatedness between functioning healthy benthic 
habitats in supporting associated communities, and in particular highlighting the role of 3D 
benthic habitats and their contribution to ecosystem functioning (Bradshaw et al. 2003). Whilst 
no impacts of increasing commercial potting on macro-mobile associated communities were 
observed, further longer-term study should be carried out. The Lyme Bay is a recovering MPA, 
and benthic habitats in particular are recovering from both sustained years of bottom towed 
fishing disturbance (Attril et al. 2011; Sheehan et al. 2013,a,b, 2015) as well as more recent 
extreme weather events (E. V. 2017 Unpublished data). Consequently, the Lyme Bay benthic 
sessile and mobile communities may not yet be considered as fully functioning and still regarded 
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as recovering. As the ecosystem impacts of commercial potting can no longer be considered as 
benign, management should be brought in to regulate commercial potting actives so as the 
objectives of the MPA are not compromised.  
Chapter Four showed new evidence of the  fishery related impacts associated with both medium 
and high levels of commercial potting. The abundance of brown crab reduced over time and 
selective fishing pressures of commercial potting resulted in reduced condition of local adult 
brown crab populations exposed to medium and high potting regimes. The ecological and 
economic consequences of the lower availability of the key fishery species, and a lower overall 
individual condition, are unknown and require further consideration. It is theorised that these 
changes to this fishery will have negative implications for reproductive potential, stock 
sustainability and the local ecology. This reiterated the importance of longer-term study, plus 
justification for the assessment of fishery impacts. 
This ecological assessment has shown that medium and high levels of commercial potting effort 
can impact both the ecosystem and target fisheries. A decline in the abundance of biogenic reef 
species and target fishery species coupled with a decline in brown crab ‘condition’ could have 
wider ecological consequences. Whilst these impacts cannot be determined here, this research 
demonstrates an approach which is proactive rather than reactive. This is atypical of previous 
assessments regarding commercial fishing impacts, and allows evidence-based commercial 
potting management decisions to be made with confidence, for both current and future MPA 
designations. This demonstrates a shift in the management of a commercial fishery that was 
previously considered to have no ecological impact.  
This research has highlighted the impacts of an unregulated industry that has increased in 
response to an introduction of an MPA. Multi-use MPAs dominate marine conservation approaches 
in the UK, with over half of all UK MPAs implemented for the protection of benthic reef habitats 
and features; habitat typically exploited by commercial potting targeting high value 
crustaceans. Bottom towed fishing has currently been removed from 42 MPAs in the UK (Client 
Earth 2014), and while the commercial potting sector remains unregulated poses threats to 
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these habitats and features; and these increases are not isolated to Lyme Bay (Newman et al. 
2012). Commercial potting is the second biggest fishing industry (MMO 2015) in the UK, targeting 
high value fishery species, and so increases are conceivable.  
This thesis also highlights the value of undertaking an ecosystem-based approach when assessing 
commercial fishing pressures. With MPA plans taking an ecosystem-based approach to 
management, the incorporation of fisheries species management goals are increasing (Shears et 
al. 2006; Hoffmann and Pérez-Ruzafa 2009; Howarth et al. 2014). However, evidence of the 
impacts of all commercial fishing activities is currently limiting. Assessments of commercial 
potting, along with many other less damaging fisheries, are currently being undertaken as part 
of Defra’s Revised Approach to management. The evidence presented here should now be taken 
forward into these assessments and applied where applicable, ensuring effective regulation of 
commercial potting in when managing MPAs.  
6.4 Overall conclusions  
This research has undertaken extensive ecological assessments of the impacts related to 
increasing potting density. It has been able to draw conclusions on the impacts of increasing 
potting density on different aspects of both the ecosystem and commercial pot fisheries. 
Interactions between these two strands of ecosystem-based approaches to commercial fisheries 
and MPA management have also be demonstrated.  
The aim of this research was to ascertain a level of potting density that is compatible with both 
the ecosystem and fisheries within an MPA. It is concluded that commercial potting is compatible 
with sensitive reef habitats and target fisheries when occurring at low levels; however, 
management efforts must be made to stop increases in effort. If commercial potting efforts are 
allowed to increase to medium and high potting densities, comparable within the threshold of 
this study, then impacts on both benthic biogenic reef species abundances and target fishery 
species abundance and condition should be expected. As a result, the success of multi-use MPAs 
that allow commercial potting to continue within them will be determined by the level of 
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commercial potting activity permitted and the management regulations enforced to control 
effort.  
One of the limitations of this research, while determining a level of potting density considered 
to be sustainable, it is recognised that pot limitations alone will not provide suitable 
management of commercial potting activities. While pot limits partially  regulate commercial 
effort, they do not control potting density over spatial scales. Further study is required to 
determine areas of local commercial potting density concentrations. By highlighting commercial 
potting ‘hotspots’, the potting densities used in this study could then be applied to 
management. 
The acceptance of regulatory measures will be dependant of the buy-in of impacted 
stakeholders and parties, most notably commercial fishers. The Working Group model developed 
alongside this experiential project has demonstrated a successful partnership between 
regulatory bodies and commercial fishing industries. Commercial fishermen of Lyme Bay have 
been involved throughout the whole experimental potting study process and this has 
undoubtedly contributed to its success. This format should be considered when managing active 
fishers and fisheries within a multi-use MPA.  
The economic benefits to fisheries associated with the introductions of multi-use MPAs are 
integral to their efficacy. In an area such as Lyme Bay, potting is a dominant industry and a loss 
of this industry would have damaging economic and social consequences. Less damaging forms of 
practices should be championed, but only if compatible with MPA objectives. Conservation driven 
ecosystem management goals will try and conserve marine resources, habitats and species while 
fisheries management goals will prioritise maximum exploitation; however in order to achieve 
both, sustainable limits will need to be determined. 
This research is comprehensive but would benefit from further study quantifying the impacts of 
increasing commercial potting density over a longer duration, providing further evidence for the 
trends identified here. Studies of the ecological responses to anthropogenic impacts highlight 
the necessity for long-term studying in order to robustly identify ecological changes, and to 
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account for the natural variability of marine systems. Ongoing studies from Lyme Bay have shown 
that benthic responses to a cessation in bottom towed fishing were only first identified after 
three years, post introduction of the Lyme Bay MPA (Sheehan et al. 2013a,b). The impacts 
outlined in this thesis were identified after three years of potting density manipulation, and 
highlight the potential negative ecological impacts of current and increasing potting densities. 
Limitations and regulations should now be proactively considered, but importantly, remain open 
to change in repose to changes in MPA management objectives, or in light of further evidence. 
Appropriate management of commercial potting effort will ensure the long-term efficacy of 
multi-use MPAs, as well as maintain a sustainable commercial potting industry. 
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Appendices
Appendix A Table A1. Defra revised approach to managing EMSs traffic light matrix for risk 
classification Potting poses to generic sub features (adapted from Defra 2013)
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Generic sub-features Risk classification 
Subtidal sand (high energy)
Subtidal gravel and sand
Subtidal muddy sand
Seagrass (SACs)
Seagrass (SPAs)
Maerl
Mussel bed on boulder and cobble skears
Estuarine rock (boulder, cobble and bedrock)
Estuarine fish community
Subtidal mud
Intertidal mud
Intertidal mud and sand
Intertidal gravel and sand
Intertidal sand (high energy)
Mussel beds on mixed and sandy sediments
Intertidal mixed sediments
Subtidal mixed sediments
Brittlestar beds
Coastal lagoons
Coarse sediment (high energy)
Tide swept communities
Intertidal bedrock reef
Intertidal boulder and cobble reef
Intertidal and subtidal chalk reef
Subtidal bedrock reef
Subtidal boulder and cobble reef
Sabellaria spp reef
Subtidal mussel bed on rock
Kelp forest communities
Submarine structures made by leaking gases
Saltmarsh spp, Salicornia and Seablite
Annual vegetation of driftlines
Reedbeds
Intertidal sea caves
Subtidal sea caves
Twaite and Allis shad
River and sea lamprey
Salmon
Grey and Common Seal
Surface feeding birds
Estuarine Birds
Pursuit and plunge diving birds
Benthic feeding seabirds
Subtidal sand (high energy)
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Appendix B
Table B1. PERMANOVA+ tables for response variables a) Species richness and b) 
Assemblage composition for all species (video) for Year (2014, 2015, 2016) Treatment 
(Control, Low, Medium, High) and Area (West Bay, Lyme Regis, Axmouth, Beer) factors, plus 
interactions.
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a)  Source df MS Pseudo-F P (perm)
Species richness
Year Yr 2 31.19 6.4151 0.0058
Treatment Tr 3 8.68 0.62252 0.6195
Area Ar 12 13.89 2.4558 0.037
YexTr 6 5.52 1.1433 0.3553
YexAr 30 4.90 1.4315 0.1424
Residual 1 12.50
Total 125
b)    Source df MS Pseudo-F P (perm)
Assemblage composition 
Year Yr 2 10822.00 5.8735 0.0001
Treatment Tr 3 6107.70 1.0466 0.4165
Area Ar 12 5894.40 3.4924 0.0001
YexTr 6 2388.30 1.2951 0.0737
YexAr 30 1850.90 1.311 0.005
Residual 1 904.95
Total 125
Table B2:  PERMANOVA+ tables for response variables Abundance for mobile species 
functional group (video) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) 
and Area (West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables 
are displayed where tested.
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a)    Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 2.53 2.3838 0.1038
Treatment Tr 3 3.79 2.2318 0.119
Area Ar 12 2.25 1.3467 0.2733
YexTr 9 1.77 1.6706 0.1518
YexAr 30 3.75 3.5256 0.0001
Residual 1 1.44
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 0.46 0.6567 0.82 0.4360 1.81 0.1069
Control, Med 0.36 0.7281 0.28 0.7775 1.46 0.1883
Control, High 0.01 0.9230 1.90 0.0980 3.91 0.0041
Low, Med 0.01 0.9526 1.15 0.2941 2.45 0.0442
Low, High 0.44 0.6725 1.35 0.2161 1.35 0.2194
Med, High 0.42 0.6809 2.14 0.0666 3.33 0.0137
Table B3: PERMANOVA+ tables for response variable Abundance, for sessile species 
functional group (video) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) 
and Area (West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables 
are displayed where tested.
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a)   Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 18.11 15.779 0.0001
Treatment Tr 3 4.33 3.2913 0.0542
Area Ar 12 1.33 1.4907 0.2104
YexTr 9 0.71 0.61496 0.714
YexAr 30 1.14 1.0304 0.4585
Residual 1 0.00
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 0.94 0.4594 0.42 0.6845 0.79 0.4856
Control, Med 3.26 0.0263 0.00 1.0000 0.95 0.5180
Control, High 3.45 0.0283 1.07 0.3415 0.63 0.5689
Low, Med 0.52 0.6008 0.46 0.6914 2.22 0.0827
Low, High 1.54 0.1659 0.33 0.7965 1.79 0.1438
Med, High 1.61 0.2030 1.27 0.2284 0.66 0.6583
Table B4: PERMANOVA+ tables for response variable mean total Abundance of Indicator 
species (video) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and Area 
(West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables are 
displayed where tested.
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a)    Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 13.98 32.788 0.0001
Treatment Tr 3 0.78 0.7806 0.5372
Area Ar 12 1.01 2.5149 0.0613
YexTr 6 0.94 2.2035 0.0067
YexAr 30 0.42 0.85607 0.6615
Residual 1 0.00
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 1.41 0.0897 0.69 0.8905 1.00 0.4569
Control, Med 1.20 0.2347 0.65 0.8868 1.69 0.0596
Control, High 1.04 0.3688 0.88 0.5691 1.80 0.0252
Low, Med 0.62 0.8529 0.45 0.9711 1.15 0.3365
Low, High 0.65 0.9119 0.74 0.9439 1.39 0.0485
Med, High 0.73 0.7391 0.71 0.8854 0.72 0.7684
Table B5: PERMANOVA+ tables for mean abundance for individual Indicator species (Video) 
for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and Area (West Bay, 
Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables are displayed where 
tested.
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a)       Source df MS Pseudo-F P (perm)
Pentapora folicacea
Year Yr 2 0.682 14.931 0.0001
Treatment Tr 3 0.200 0.72088 0.0012
Area Ar 12 0.280 19.241 0.0003
YexTr 6 0.005 0.11841 0.8173
YexAr 30 0.005 3.9054 0.0007
Residual 1 0.003
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 1.04 0.5573 3.99 0.0396 7.03 0.0176
Control, Med 0.63 0.6949 3.77 0.0424 6.52 0.0367
Control, High 1.04 0.5591 3.86 0.0400 5.16 0.0221
Low, Med 1.00 1.0000 0.20 0.8891 0.42 0.6527
Low, High 0.00 0.0000 0.20 0.8409 1.85 0.1053
Med, High 1.00 1.0000 0.00 0.9588 1.38 0.2148
b)       Source df MS Pseudo-F P (perm)
Phallusia mammillata
Year Yr 2 3.184 25.936 0.0001
Treatment Tr 3 0.007 0.75303 0.5277
Area Ar 12 0.412 4.3844 0.0027
YexTr 6 0.499 4.066 0.0036
YexAr 30 0.102 0.83732 0.6877
Residual 1 0.004
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 0.62 0.6253 0.21 0.8336 1.19 0.2603
Control, Med 0.77 0.4710 0.49 0.6441 3.20 0.0149
Control, High 0.77 0.4618 0.62 0.5585 3.71 0.0090
Low, Med 0.40 0.6813 0.53 0.6012 6.38 0.0006
Low, High 0.40 0.6768 0.61 0.5585 7.75 0.0010
Med, High - 0.00 0.9975 1.57 0.1524
c)       Source df MS Pseudo-F P (perm)
Alcyonium digitatum
Year Yr 2 0.200 4.6413 0.0171
Treatment Tr 3 0.139 4.2919 0.02
Area Ar 12 0.624 17.407 0.0001
YexTr 6 0.002 0.60197 0.7212
YexAr 30 0.006 1.1011 0.3835
Residual 1 0.168
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 1.07 0.2375 1.92 0.1067 8.19 0.0006
Control, Med 10.94 0.0021 0.21 0.9234 1.29 0.2373
Control, High 5.16 0.0077 1.03 0.3979 1.03 0.3383
Low, Med 0.83 0.4079 2.77 0.2500 1.98 0.0900
Low, High 0.00 0.9887 0.31 0.7720 3.40 0.0104
Med, High 3.48 0.0130 1.00 0.4111 0.45 0.6976
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d)       Source df MS Pseudo-F P (perm)
Grouped branching 
sponges
Year Yr 2 0.821 6.6951 0.0032
Treatment Tr 3 0.576 5.9216 0.005
Area Ar 12 0.353 3.5456 0.0068
YexTr 6 0.003 0.23816 0.9601
YexAr 30 0.167 1.3652 0.1826
Residual 1 0.001
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 2.82 0.0293 1.36 0.2100 2.19 0.0599
Control, Med 1.51 0.1775 0.97 0.3744 1.18 0.2783
Control, High 2.27 0.0610 1.11 0.3073 0.52 0.5764
Low, Med 0.83 0.4204 0.82 0.4203 1.41 0.1939
Low, High 0.46 0.6706 0.27 0.7923 1.45 0.1881
Med, High 1.09 0.3204 0.50 0.6304 0.34 0.7717
e)       Source df MS Pseudo-F P (perm)
Eunicella verrucosa
Year Yr 2 0.000 0.003406 0.9675
Treatment Tr 3 0.175 12.31 0.001
Area Ar 12 0.277 19.001 0.0001
YexTr 6 0.001 0.31998 0.9231
YexAr 30 0.003 1.0976 0.3602
Residual 1 8.823
Total 125
2014 2015 2016
Groups t P t P t P
Control, Low 1.61 0.3521 0.50 0.7378 0.24 0.8802
Control, Med 0.01 0.9368 0.44 0.8090 2.67 0.0298
Control, High 4.67 0.0228 1.74 0.1155 0.15 0.8794
Low, Med 0.92 0.4062 0.61 0.7243 1.87 0.0394
Low, High 4.17 0.0192 0.39 0.6575 0.41 0.6761
Med, High 4.97 0.0278 1.75 0.1141 5.09 0.0060
Table B6: PERMANOVA+ tables for response variables a) Abundance, b) Species richness 
and c) Assemblage composition for all species (frame grabs) for Year (2014, 2015, 2016) 
Treatment (Control, Low, Medium, High) and Area (West Bay, Lyme Regis, Axmouth, Beer) 
factors, plus interactions. Pairwise tables are displayed where tested.
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a)    Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 241.86 9.71 0.0004
Treatment Tr 2 3.90 0.00629 0.9738
Area Ar 11 79.95 3.2186 0.0103
YexTr 6 14.89 0.59864 0.7282
YexAr 30 24.86 1.253 0.2496
Residual 2 5.02
Total 127
b)        Source df MS Pseudo-F P (perm)
Species richness
Year Yr 2 569.54 9.4812 0.0001
Treatment Tr 2 19.28 0.0091 0.9859
Area Ar 11 232.09 4.9821 0.0001
YexTr 6 63.07 1.0665 0.4004
YexAr 30 60.19 1.7879 0.0207
Residual 2 13.62
Total 127
c)          Source df MS Pseudo-F P (perm)
Assemblage composition 
Year Yr 2 11990.00 7.6955 0.0001
Treatment Tr 2 2918.00 0.63256 0.9363
Area Ar 11 4589.90 4.198 0.0001
YexTr 6 1274.10 0.81939 0.9159
YexAr 30 1558.80 1.5145 0.0001
Residual 2 794.12
Total 127
Table B7: PERMANOVA+ tables for response variables mean total abundance for Indicator 
species (frame grabs) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) 
and Area (West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables 
are displayed where tested.
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a)     Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 9.54 5.0457 0.0117
Treatment Tr 2 0.57 0.20841 0.8486
Area Ar 11 2.84 2.9991 0.0171
YexTr 6 0.65 0.34472 0.9075
YexAr 30 1.88 1.3389 0.1927
Residual 2 0.99
Total 127
Table B8: PERMANOVA+ tables for abundance for mean individual abundance for indicator 
species (frame data) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and 
Area (West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions. Pairwise tables are 
displayed where tested.
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a)      Source df MS Pseudo-
F
P 
(perm)
Grouped 
hydroids
Year Yr 2 2.14 8.7882 0.001
Treatment Tr 2 0.15 0.43684 0.6774
Area Ar 11 0.35 3.3174 0.0094
YexTr 6 0.11 0.44167 0.8388
YexAr 30 0.24 1.7495 0.0511
Residual 2 0.00
Total 127
b)      Source df MS Pseudo-
F
P 
(perm)
Chaetopterus 
variopedatus
Year Yr 2 1.72 17.502 0.0001
Treatment Tr 2 0.00 0.00887 0.955
Area Ar 11 0.23 3.1002 0.0163
YexTr 6 0.00 0.00976 0.9954
YexAr 30 0.01 1.0707 0.4055
Residual 2 0.14
Total 127
c)       Source df MS Pseudo-F P (perm)
Grouped 
anemones
Year Yr 2 0.37 1.3242 0.2058
Treatment Tr 2 0.43 0.60761 0.7969
Area Ar 11 0.70 3.697 0.0001
YexTr 6 0.24 0.8386 0.71
YexAr 30 0.28 1.2722 0.0862
Residual 2 0.00
Total 127
d)      Source df MS Pseudo-F P (perm)
Grouped massive 
sponges
Year Yr 2 3.62 6.0655 0.0001
Treatment Tr 2 0.42 0.66209 0.7913
Area Ar 11 0.65 1.5254 0.0311
YexTr 6 0.36 0.6026 0.9672
YexAr 30 0.60 1.4013 0.0122
Residual 2 0.37
Total 127
Table B9. Full list of species identified from Transect data, plus functional groupings.
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Species Common name Functional group
Aequipecten opercularis Queen scallop Mobile
Alcyonium digitatum Dead mans finger Sessile
Amphilectus fucorum Shredded carrot sponge Sessile
Anseropoda placenta Goosefoot starfish Mobile
Astropecten irregularis Sand sea star Mobile
Asterias rubens Common starfish Mobile
Axinella damicornis Marine sponge Sessile
Grouped branching sponges Grouped branching sponges Sessile
Buccinum undatum Common whelk Mobile
Callionymus lyra Dragonet Mobile
Cancer pagurus Brown crab Mobile
Centrolabrus exoletus Rock cook wrasse Mobile
Chelidonichthys cuculus Red gurnard Mobile
Corystes cassivelanus Masked crab Mobile
Crab Unidentified crabs Mobile
Ctenolabrus rupestris Goldsinny wrasse Mobile
Eunicella verrucosa Pink sea fan Sessile
Fish Unidentified fish Mobile
Goneplax rhomboides Angular crab Mobile
Inachus spp. Leach's spider crab Mobile
Labrus bergylta Ballan wrasse Mobile
Labrus mixtus Cuckoo wrasse Mobile
Liocarcinus depurator Harbour crab Mobile
Lipophrys pholis Blenny Mobile
Luidia cilaris Seven-armed starfish Mobile
Macropodia spp. Long-clawed spider crab Mobile
Maja squinado Spider crab Mobile
Necora puber Velvet swimming crab Mobile
Ophiuroidea Brittlestars Mobile
Pagarus bernhardus Hermit crab Mobile
Parablennius gattorugine Tompot blenny Mobile
Pecten maximus King scallop Mobile
Pentapora fascialis Ross coral Sessile
Phallusia mammillata White sea squirt Sessile
Pleuronectes platessa European plaice Mobile
Pollachius pollachius Pollack Mobile
Raja clavata Thornback ray Mobile
Trisopterus luscus Pouting Mobile
Trisopterus minutus Poor cod Mobile
Zeugopterus punctatus Topknot Mobile
Species Common name
Actinothoe sphyrodeta Sandalled anemone
Aequipecten opercularis Queen scallop
Aiptasia mutabilis Trumpet anemone
Alcyonidium diaphanum Sea chervil
Alcyonium digitatum Dead man's fingers
Amphilectus fucorum Shredded carrot sponge
Anemonia viridis Snakelocks anemone
Anseropoda placenta Goose foot starfish
Aphroditae aculeata Sea Mouse
Aplidium elegans Sea-strawberry
Aplidium proliferum Compound ascidian
Ascidiella aspersa Fluted Sea Squirt
Ascidia conchilega Solitary sea squirt
Ascidia mentula Red sea squirt
Aslia lefevrii Brown Sea Cucumber
Asterina gibbosa Cushion Star
Astropecten irregularis Sand star
Asterias rubens Common starfish
Atelecyclus rotundatus Circular crab
Bispira volutacornis Twin fan worm
Blenny spp. Blenny
Botryllus schlosseri Star ascidian
Buccinum undatum Common whelk
Bugula spp. Erect bryozoan
Bunodactis verruscosa Gem anemone 
Callopyllis laciniata Red algae
Callionymus lyra Common dragonet
Calliactis parasitica Parasitic anemone
Calliostoma zizyphinum Painted topshell
Cancer pagurus Edible crab
Caryophyllia smithii Devonshire cup coral
Cellaria fistulosa A bryozoan
Cereus pedunculatus Daisy anemone
Chaetopterus variopedatus Parchment worm
Chelidonichthys cuculus Red Gurnard
Ciona intestinalis A sea squirt
Ciocalypta penicillus A sponge
Clathrina coriacea White Lace Sponge
Clathrina lacunosa A sponge
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Table B10. Full list of species identified from Frame grab data
Cliona celata Boring sponge
Corystes cassivelanus Masked crab
Corella parallelogramma Gas mantle ascidian
Corynactis viridis Jewel anemone
Crab Unidentified crab
Crepidula fornicata Slipper limpet
Ctenolabrus rupestris Goldsinny wrasse
Dendrodoa grossularia Baked bean ascidian
Diazona violacea Football sea squirt
Didemnum spp. An encrusting ascidian
Distomus variolosus Acne seq squirts
Dysidea fragilis A sponge
Ebalia granulosa Crab
Epitonium clathrus Common wentletrap
Eunicella verrucosa Pink sea fan
Filograna implexa Filigree worm
Flustra foliacea Hornwrack
Gobies Gobies
Goneplax rhomboides Mud Runner/Square Crab
Grantia compressa Purse Sponge
Grouped branching sponges Grouped branching sponges
Grouped massive sponges Grouped massive sponges 
Grouped hydroids Grouped Hydroids
Haliclona spp. A sponge
Hemimycale columella Crater sponge
Henricia oculata Bloody henry
Inachus spp. Scorpion spider crab
Janolus cristatus A nudibranch
Labrus bergylta Ballan wrasse
Labrus mixtus Cuckoo wrasse
Lanice conchilega Sand mason
Leucandra gossei White sponge 
Leuconia johnstoni White sponge 
Limanda limanda Dab
Liocarcinus depurator Harbour crab
Lithophyllum incrustans An encrusting coralline alga
Macropodia spp. Long legged spider crab
Maja squinado Spiny spider crab
Megalomma vesiculosum Fan worm
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Metridium senile Plumose anemone
Molgula manhattensis Sea grapes
Mytilus edulis Common/blue mussel
Myxicola infundibulum A fanworm
Necora puber Velvet swimming crab
Nemertesia antennina Sea beard
Nemalion helminthoides Sea noodle
Nemertesia ramosa A hydroid
Neopentadactyla mixta Gravel sea cucumber
Ocnus planci Small sea cucumber
Ophiothrix fragilis Common brittlestar
Ophiura ophiura A brittlestar
Pachymatisma johnstonia Elephant's ear sponge
Pagarus bernhardus Common hermit crab
Pagurus prideaux Amemone hermit crab
Parablennius gattorugine Tompot blenny
Pecten maximus King scallop
Pentapora fascialis Ross coral
Phallusia mammillata White sea squirt
Pholas dactylus Common Piddock
Phymatolithon calcareum Maerl
Pleuronectes platessa European Plaice
Polymastia boletiformis A massive sponge
Polymastia penicillus Chimney sponge
Psammechinus miliaris Green Sea Urchin
Pseudosuberites sulphureus An encrusting sponge
Pyura squamulosa Two siphon sea squirt
Raja clavata Thornback ray
Sabella pavonina Peacock worm
Sagartia elegans A sea anemone
Sagartia troglodytes A sea anemone 2
Salmacina dysteri Coral worm
Scypha compressa Purse sponge
Serpula vermicularis A tube worm
Spirobranchus triqueter Calcerous tube worm
Stolonica socialis Orange sea grapes
Styela clava Stalked sea squirt
Suberites carnosus A massive sponge
Suberites domuncula Subcar cousin 
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Suberites ficus A massive sponge
Sycon ciliatum A sponge
Tethya aurantium Golf ball sponge
Tetilla zetlandica Very small white sponge 
Thyone fusus A burrowing sea cucumber
Trisopterus minutus Poor cod
Turritella communis Common tower shell
Unidentified anemones Unidentified anemone
Unidentified hydroids Unidentified hydroids
Urticina felina Dahlia anemone
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Appendix C 
Table C1. PERMANOVA+ tables for response variables a) Abundance, b) Species richness 
and c) Assemblage composition for baited video data between Year (2014, 2015, 2016) 
Treatment (Control, Low, Medium, High) and Area (West Bay, Lyme Regis, Axmouth, Beer) 
factors, plus interactions.
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a) Source df MS Pseudo
-F
P 
(perm)
Abundance
Year Yr 2 1.123 6.740 0.004
Treatment Tr 3 0.009 0.348 0.799
Area Ar 3 3.468 13.968 0.451
YexTr 6 0.668 4.006 0.004
YexAr 6 0.578 3.471 0.009
Tr x Ar 9 0.709 2.840 0.028
Ye x Tr x Ar 18 0.447 2.685 0.790
Residual 31 0.167
Total 97
c)           Source df MS Pseudo-F P (perm)
Assemblage composition 
Year Yr 2 8524.10 5.2578 0.0001
Treatment Tr 3 3062.50 0.48145 0.9494
Area Ar 12 6383.20 4.6801 0.0001
YexTr 6 1552.40 0.95712 0.5411
YexAr 24 1624.10 1.1907 0.0822
Residual 50 1369.90
Total 97
2014 2015 2016
Groups t P t P t P
Control, Low 0.12 0.9051 2.05 0.0829 0.72 0.49
Control, Med 2.27 0.4920 0.40 0.6959 0.01 0.96
Control, High 3.92 0.4400 1.63 0.1474 0.57 0.58
Low, Med 1.82 0.1112 1.70 0.1091 0.37 0.80
Low, High 2.81 0.2260 3.67 0.0105 1.03 0.33
Med, High 0.54 0.5928 0.70 0.5064 0.49 0.63
b) Source df MS Pseudo
-F
P 
(perm)
Species 
richness
Year Yr 2 0.524 11.966 0.000
Treatment Tr 3 0.004 0.699 0.558
Area Ar 3 0.366 6.550 0.069
YexTr 6 0.005 1.050 0.417
YexAr 6 0.007 1.541 0.201
Tr x Ar 9 0.111 1.985 0.104
Ye x Tr x Ar 18 0.002 0.505 0.940
Residual 31 0.004
Total 97
Table C2: PERMANOVA+ tables for response variable mean total Abundance of pot target 
species (video) for Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and Area 
(West Bay, Lyme Regis, Axmouth, Beer) factors, plus interactions.
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Source df MS Pseudo
-F
P 
(perm)
Pot target
Year Yr 2 5959.2 5.06 0.0001
Treatment Tr 3 2978.3 2.21 0.8340
Area Ar 3 10023.0 7.46 0.0001
YexTr 36 1158.4 0.98 0.4983
YexAr 6 1831.9 1.55 0.3910
Tr x Ar 9 3344.0 2.48 0.0003
Ye x Tr x Ar 18 1106.6 0.94 0.6277
Residual 31 1178.8
Total 97
Table C3: PERMANOVA+ tables for mean abundance for pot target species for Year (2014, 
2015, 2016) Treatment (Control, Low, Medium, High) and Area (West Bay, Lyme Regis, 
Axmouth, Beer) factors, plus interactions and pairwise comparisons where appropriate.
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Cancer pagurus df MS Pseudo-
F
P 
(perm)
Year Yr 2 0.06100 7.4276 0.0022
Treatment Tr 3 0.03096 1.7523 0.1427
Area Ar 3 0.02475 1.4042 0.2336
YexTr 6 0.01109 1.3501 0.2628
YexAr 6 0.00136 0.16506 0.9872
Tr x Ar 9 0.01783 1.0021 0.4554
Ye x Tr x Ar 18 0.00631 0.76862 0.7248
Residual 31 0.00821                
Total 97
Homarus gammarus df MS Pseudo
-F
P 
(perm)
Year Yr 2 0.00027 1.1786 0.333
Treatment Tr 3 0.00050 0.89935 0.5101
Area Ar 3 0.00066 1.1895 0.3054
YexTr 6 0.00024 1.0405 0.3816
YexAr 6 0.00026 1.1369 0.3118
Tr x Ar 9 0.00060 1.07 0.4261
Ye x Tr x Ar 18 0.00019 0.85445 0.6996
Residual 31 0.00023                
Total 97
Maja squinado df MS Pseudo-
F
P (perm)
Year Yr 2 0.00793 1.1622 0.3292
Treatment Tr 3 0.02697 2.0461 0.1324
Area Ar 3 0.06401 4.8667 0.152
YexTr 6 0.01729 2.5337 0.0452
YexAr 6 0.01080 1.583 0.1821
Tr x Ar 9 0.08181 6.167 0.481
Ye x Tr x Ar 18 0.01173 1.6373 0.1102
Residual 31 0.00682                
Total 97
2014 2015 2016
Groups t P t P t P
Control, Low 3.72 0.0283 0.83 0.3684 0.59 0.56
Control, Med 2.11 0.0802 0.80 0.4465 1.97 0.10
Control, High 1.81 0.1221 1.09 0.3127 2.13 0.78
Low, Med 0.65 0.5722 1.32 0.2250 1.67 0.14
Low, High 0.87 0.5286 0.03 0.9591 1.95 0.09
Med, High 0.20 0.8735 1.48 0.1659 0.17 0.87
Table C4: PERMANOVA+ tables for mean abundance for individual Indicator species for 
Year (2014, 2015, 2016) Treatment (Control, Low, Medium, High) and Area (West Bay, Lyme 
Regis, Axmouth, Beer) factors, plus interactions.
 285
Source df MS Pseudo-
F
P (perm)
Labrus bergylta
Year Yr 2 0.0022 2.0431 0.1066
Treatment Tr 3 0.0017 1.3178 0.286
Area Ar 3 0.0002 0.19442 0.9399
YexTr 6 0.0018 1.6603 0.1038
YexAr 6 0.0009 0.78591 0.6259
Tr x Ar 9 0.0008 0.63307 0.7922
Ye x Tr x Ar 18 0.0009 0.7877 0.7649
Residual 31 0.0011                
Total 97
Source df MS Pseudo-
F
P 
(perm)
Necora puber
Year Yr 2 0.01181 1.5637 0.2209
Treatment Tr 3 0.01666 1.1728 0.3477
Area Ar 3 0.01021 0.72007 0.5658
YexTr 6 0.00438 0.5798 0.7509
YexAr 6 0.00624 0.82666 0.566
Tr x Ar 9 0.01441 1.008 0.4479
Ye x Tr x Ar 18 0.00614 0.81389 0.6735
Residual 31 0.00755                
Total 97
Pollachius pollachius df MS Pseudo-
F
P 
(perm)
Year Yr 2 0.00039 1.1796 0.3248
Treatment Tr 3 0.00019 0.92494 0.4544
Area Ar 3 0.00007 0.36462 0.8503
YexTr 6 0.00024 0.73028 0.67
YexAr 6 0.00014 0.4228 0.9075
Tr x Ar 9 0.00031 1.5647 0.1386
Ye x Tr x Ar 18 0.00030 0.89669 0.619
Residual 31 0.00033                
Total 97
Asterias rubens df MS Pseudo-
F
P 
(perm)
Year Yr 2 1.90370 4.1006 0.0234
Treatment Tr 3 0.37292 1.4671 0.2548
Area Ar 3 3.02750 11.869 0.0002
YexTr 6 0.40452 0.87134 0.5198
YexAr 6 0.32505 0.70016 0.6563
Tr x Ar 9 0.25688 1.0218 0.4552
Ye x Tr x Ar 18 0.47088 1.0143 0.4559
Residual 31 0.46425                
Total 97
Trisopterus 
minutus
df MS Pseudo
-F
P (perm)
Year Yr 2 0.35093 1.4714 0.241
Treatment Tr 3 0.37621 0.82716 0.4968
Area Ar 3 1.85990 0.40974 0.0221
YexTr 6 0.14955 0.62704 0.708
YexAr 6 0.27409 1.1492 0.3641
Tr x Ar 9 0.13595 0.29703 0.9638
Ye x Tr x Ar 18 0.12616 0.52898 0.9236
Residual 31 0.23850                
Total 97
Scyliorhinus canicula df MS Pseudo-
F
P 
(perm)
Year Yr 2 0.28827 6.2966 0.0052
Treatment Tr 3 0.12249 2.1956 0.1228
Area Ar 3 0.69093 12.395 0.0001
YexTr 6 0.00351 0.76655 0.603
YexAr 6 0.10030 2.1907 0.0659
Tr x Ar 9 0.23820 4.2598 0.334
Ye x Tr x Ar 18 0.00445 0.97216 0.5156
Residual 31 0.00457                
Total 97
Table C5: Full list of species or groupings identified from BRUV, with subset identifiers
Species Common name Phylum
Pot caught 
species
Indicator species 
subset 
Trisopterus luscus Pout Chordata ✓
Trisopterus minutus Whiting Chordata Non- commercial
Ctenolabrus rupestris Goldsinny wrasse Chordata
Scyliorhinus canicula Dogfish Chordata ✓ Non- commercial
Chelidonichthys cuculus Red gurnard Chordata ✓
Labrus bergylta Ballan wrasse Chordata ✓ Non- commercial
Mustelus mustelus Smoothhound Chordata ✓
Symphodus melops Corkwing wrasse Chordata
Pagurus bernhardus Hermit crab Crustacea
Gobies Goby spp Chordata
Inachus spp. Small spider crab Crustacea
Ophiuroidea Grouped brittlestars Echinodermata
Buccinum undatum Whelk Mollusca ✓
Liocarcinus depurator Harbour crab Crustacea
Necora puber Velvet swimming crab Crustacea ✓ Non- commercial
Conger conger Conger eel Chordata ✓
Eutrigla gurnardus Grey gurnard Chordata
Labrus mixtus Cuckoo wrasse Chordata
Raja clavata Thornback ray Chordata
Maja squinado Spider crab Crustacea ✓ Commercial
Cancer pagurus Brown crab Crustacea ✓ Commercial
Chrysaora hysoscella Compass jellyfish Cnidaria
Loligo forbesii Squid Mollusca
Scyliorhinus stellaris Nursehound Chordata
Centrolabrus exoletus Rock cook Chordata
Sepia officinalis Cuttlefish Mollusca
Chondrocladia lyra Dragonet Chordata
Symphodus bailloni Baillons wrasse Chordata
Macropodia spp. Long legged spider crab Crustacea
Spondyliosoma cantharus Black bream Chordata ✓
Pollachius pollachius Pollack Chordata ✓ Non- commercial
Aequipecten opercularis Queenie Mollusca
Mullus surmuletus Striped red mullet Chordata
Asterias rubens Common starfish Echinodermata ✓ Non- commercial
Pecten maximus King scallop Mollusca
Trachurus trachurus Horse mackerel Chordata
Zeus faber John Dory Chordata
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Homarus gammarus Lobster Crustacea ✓ Commercial
Pholis gunnellus Rock gunnel Chordata
Gadus morhua Cod Chordata
Dicentrarchus labrax Seabass Chordata
Pleuronectes platessa Plaice Chordata
Parablennius gattorugine Tompot blenny Chordata
Psammechinus miliaris Sea urchin Echinodermata
Chelidonichthys lucernus Tub gurnard Chordata
Rhizostoma pulmo Barrel jellyfish Cnidaria
Molva molva Ling Chordata
Luidia ciliaris Seven armed starfish Echinodermata
Astropecten irregularis Sand sea star Echinodermata
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  Appendix D 
  Cancer pagurus: 
Table D2.  PERMANOVA testing differences in C. pagurus a) Length and b) Weight, between 
all Years (1,2,3) and Treatments (Control, Low, Medium, High). 
    a)             b) 
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Source df MS Pseudo-F P (perm)
Length
Year Yr 2 149.37 8.7335 0.0015
Treatment Tr 3 23.49 1.3734 0.2868
Area Ar 6 41.723 2.4395 0.0929
YexTr 6 9.458 0.553 0.7681
Residual 18 17.103
Total 47
Source df MS Pseudo-F P (perm)
Weight
Year Yr 2 5557.4 3.73 0.0351
Treatment Tr 3 928.3 0.6231 0.0323
Area Ar 6 3501.7 2.3503 0.0971
YexTr 6 1333.3 0.8949 0.0152
Residual 18 1489.9
Total 47
Year Treatment x ̄± SE
Minimum 
L (mm)
Maximum 
L (mm)
Mean L 
± SD
Minimum 
W (g)
Maximum 
W (g)
Mean W 
(g) ± SD
1 Control 123.5 ± 16.2 78 221 144.97 ± 3.33 89 1489 522.07 ± 38.2
Low potting 115.25 ± 17.47 75 209 142.71 ± 4.42 94 1285 491.94 ± 31.08
Medium potting 117.75 ± 17.49 63 209 142.77 ± 1.46 79 1660 511.75 ± 16.39
High potting 123 ± 24.46 77 211 142.52 ± 1.65 62 1640 498.11 ± 17.73
2 Control 160.5 ± 21.07 54 206 138.99 ± 1.34 59 1440 478.78 ± 11.26
Low potting 156 ± 24.94 31 206 136.9 ± 1.61 65 1610 481.85 ± 11.39
Medium potting 163.25 ± 28.5 44 211 138.3 ± 2 45 1440 479.93 ± 18.34
High potting 146 ± 22.7 14 206 140.51 ± 1.59 43 1360 498.11 ± 8.34
3 Control 152.25 ± 20.34 97 210 145.1 ± 2.07 87 1442 545.15 ± 26.66
Low potting 145.75 ± 13.87 98 208 143.76 ± 1.81 111 1452 542.44 ± 25.35
Medium potting 150.5 ± 8.68 61 212 142.27 ± 1.01 42 1428 496.31 ± 266.19
High potting 120.25 ± 8.46 97 209 148.07 ± 3.09 38 1387 504.16 ± 27.52
Table D1. Descriptive statistics for C. pagurus for all Treatments across all Years tested
Table D3. Non parametric descriptive statistics C.pagurus  
Table D4. ANOVA testing differences in C. pagurus a) allometric a coefficients b) and 
allometric β coefficients between all Years (1,2,3) and Treatments (Control, Low, Medium, 
High) across demographics (<MCRS, Adult Males, Adult Females) 
a) a        b) β 
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b) W (g)
Year 1 Year 2 Year 3
descriptor Control Low Medium High Control Low Medium High Control Low Medium High
Median 466 450 460 467 480 501 482 498 448 455 458 393
Q1 329 309 317 280 320 323 300 339 308 319 349 347
Q1R 137 141 143 187 160 178 182 159 140 136 109 46
Q3 645 649 669 640 582 589 594 601 667 672 581 566
Q3R 179 199 209 173 102 88 112 103 219 217 123 173
H (IQR) 317 340 353 360 262 266 294 263 359 353 232 221
Q.D 0.325 0.355 0.358 0.391 0.29 0.292 0.329 0.28 0.368 0.356 0.249 0.242
a) L (mm)
Year 1 Year 2 Year 3
descriptor Control Low Medium High Control Low Medium High Control Low Medium High
Median 142 141 144 143 140 141 140 142 138 136 140 141
Q1 129 125 126 123 124 122 122 128 122 122 128 130
Q1R 13 16 18 20 15 19 18 14 16 14 12 11
Q3 161 160 162 161 153 150 153 155 161 159 155 159
Q3R 19 19 18 18 12 11 13 13 23 23 15 18
H (IQR) 32 35 36 38 28 29 31 27 40 37 27 30
Q.D 0.11 0.123 0.129 0.143 0.101 0.107 0.113 0.095 0.141 0.132 0.095 0.104
Source df MS Pseudo-F P (perm)
Year Yr 2 18.50 66.399 0.0001
Treatment Tr 3 2.909 15.507 0.0006
Area Ar 12 1.876 0.6732 0.8015
YexTr 6 2.498 0.8941 0.0001
Residual 24 0.2787
Total 47
Source df MS Pseudo-F P (perm)
Year Yr 2 5.7358 44.558 0.0001
Treatment Tr 3 0.1384 1.543 0.171
Area Ar 12 0.009 0.6969 0.8073
YexTr 6 0.1073 0.8332 0.5962
Residual 24 0.1287
Total 47
Table D5. Condition growth equations (y=) and linear relationships (r2) for all treatments in Years 2 
and 3 for C. pagurus. ANOVA P results testing allometric growth coefficients of Low, Medium and 
High density treatments against the Control treatment. Asterisk level denotes significance level 
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                     Linear regression Anova a significant  
≠ control
Anova β significant  
≠ control
Year Treatment Demographic n Allometric 
growth equation r
2 P = P =
1 Control <MCRS 270 y = -4.070x + 3.173 0.855*** No test No test
Adult Males 108 y =  -3.446x + 3.022 0.859*** No test No test
Adult Females 103 y = -3.313x + 2.99 0.795*** No test No test
Low <MCRS 275 y = -3.819x + 2.919 0.857*** 0.94 0.20
Adult Males 98 y = -3.973x + 2.807 0.795*** 0.91 0.14
Adult Females 93 y = -3.970x + 2.732 0.859*** 0.74 0.85
Medium <MCRS 268 y = -3.396x + 3.206 0.834*** 0.23 0.34
Adult Males 106 y = -3.332x + 2.922 0.854*** 0.26 0.51
Adult Females 97 y = -4..270x + 2.898 0.834*** 0.35 0.40
High <MCRS 281 y = -3.984x + 3.083 0.846*** 1 0.89
Adult Males 107 y = -3.947x + 3.007 0.872*** 0.8821 0.9143
Adult Females 116 y = -3.373x + 2.8 0.807*** 0.0838 0.1489
2 Control <MCRS 381 y = -3.549x + 2.887 0.860*** No test No test
Adult Males 130 y = -2.103x + 2.233 0.889*** No test No test
Adult Females 131 y = -2.247x + 2.3 0.912*** No test No test
Low <MCRS 271 y = -2.928x + 2.413 0.822*** 0.11
84
0.59
Adult Males 124 y = -1.849 + 2.123 0.864*** 0.68 0.65
Adult Females 138 y = -2.430x + 2.390 0.878*** 0.59 0.19
Medium <MCRS 378 y = -2.977x + 2.476 0.831*** 0.0595 0.111
2
Adult Males 138 y = -2.212x + 2.285 0.902*** 0.08 0.54
Adult Females 137 y = -2.414x + 2.376 0.883*** 0.027* 0.08
High <MCRS 327 y = -3.035x + 2.404 0.776*** 0.71 0.52
Adult Males 131 y = -1.923x + 2.149 0.877*** 0.0549 0.315
Adult Females 126 y = -2.416x + 2.374 0.873*** 0.4883 0.8869
* P = <0.05, ** P = <0.001, *** P = <0.0001
Table D6 Pairwise testing differences allometric a coefficients in C. pagurus  between all 
Years 3 (based on significance) for all Treatments (Control, Low, Medium, High) across all 
demographics (<MCRS, Adult Males, Adult Females) 
   Homarus gammarus: 
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Year3 <MCRS Adult M Adult F
Groups t P t P t P
Control, Low 1.6139 0.1184 1.4551 0.251 0.2576 0.2811
Control, Med 3.7751 0.274 3.0512 0.0279 14.911 0.0273
Control, High 4.3711 0.029 3.2792 0.0271 2.4823 0.0540
Year Treatment x ̄± SE
Minimum 
L (mm)
Maximum 
L (mm)
Mean L 
± SD
Minimum W 
(g)
Maximum W 
(g)
Mean W (g) 
± SD
1
No potting 6.5 ± 1.85 61 131 84.01 ± 2.64 193 762 428.54 ± 25.67
Low potting 3.25 ± 1.18 77 138 74.78 ± 25.05 257 702 376.5 ± 126.77
Medium potting 4.75 ± 1.93 60 142 81.19 ± 4.3 193 602 372.36 ± 53.34
High potting 4.5 ± 3.5 60 150 90.45 ± 8.17 182 620 395.6 ± 38.82
2
No potting 16.25 ± 0.63 45 139 89.44 ± 2.51 199 891 508.05 ± 15.2
Low potting 14.5 ± 0.87 59 144 96.06 ± 0.71 202 1100 492.37 ± 10.27
Medium potting 13 ± 1.08 23 145 91.37 ± 1.73 231 1082 567.64 ± 20.05
High potting 14.25 ± 1.75 68 145 88.63 ± 0.72 282 982 543.98 ± 4.74
3
No potting 26.5 ± 1.85 55 114 85.47 ± 0.7 134 812 476.81 ± 5.65
Low potting 27.25 ± 4.5 59 117 81.58 ± 0.67 132 800 433.17 ± 6.73
Medium potting 25.5 ± 1.84 58 113 85.34 ± 1.04 146 790 481.41 ± 6.57
High potting 17.25 ± 1.93 56 113 83.58 ± 1.37 122 779 445.54 ± 14.76
Table D7 Descriptive statistics for H. gammarus for all Treatments across all Years tested
Table D9 PERMANOVA results testing differences in H. gammarus a) Length and b) Weight, 
between all Years (1,2,3) and Treatments (Control, Low, Medium, High) . 
a)        b) 
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Table D8 PERMANOVA to test for significant differences in mean abundance H. gammarus 
<MCRS between Years (1, 2, 3), Treatment (Control, Low, Medium, High) and Area (West 
Bay, Lyme Regis, Axmouth, Beer). Bold values denote significant values.
a) Source df MS Pseudo-F P (perm)
Abundance
Year Yr 2 29.003 81.305 0.0001
Treatment Tr 3 0.2521 0.4365 0.7137
Area Ar 12 0.5775 1.619 0.1517
YexTr 6 0.6375 1.7871 0.1451
Residual 24 0.3567
Total 47
Source df MS Pseudo-F P (perm)
Length 
Year Yr 2 125.73 3.9529 0.034
Treatment Tr 3 24.681 0.776 0.5316
Area Ar (Tr) 6 19.861 0.624 0.6202
YexTr 6 117.76 3.7024 0.0106
Residual 17 31.806
Total 47
Source df MS Pseudo-F P (perm)
Weight
Year Yr 2 37132 24.78 0.0001
Treatment Tr 3 1015.1 0.6774 0.5835
Area Ar (Tr) 6 6836.2 4.5622 0.168
YexTr 6 10327 6.8919 0.0055
Residual 17 1498.4
Total 47
Table D10 PERMANOVA pairwise testing differences in H. gammarus Length between all Years 
(1,2,3) and Treatments (Control, Low, Medium, High)  
Table D11 PERMANOVA pairwise testing differences in H. gammarus Weight between all Years 
(1,2,3) and Treatments (Control, Low, Medium, High)  
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Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 2.2871 0.0303 1.3538 0.177 1.7797 0.0753
Control, Med 0.4274 0.6504 0.5802 0.5603 0.0059 0.9472
Control, High 0.9552 0.3276 0.2744 0.7934 0.725 0.4681
Low, Med 2.8683 0.0104 1.7111 0.0929 1.7163 0.0842
Low, High 1.1132 0.2773 1.0159 0.312 0.8637 0.3835
Med, High 1.0617 0.2612 0.7804 0.4416 0.6736 0.5022
Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 1.1384 0.2616 1.9228 0.4978 1.9232 0.058
Control, Med 0.9926 0.3418 2.0442 0.455 0.1846 0.8501
Control, High 0.5164 0.6128 1.4263 0.1526 1.1181 0.2658
Low, Med 3.503 0.0022 2.4238 0.168 2.088 0.386
Low, High 2.3316 0.0267 1.9228 0.0562 0.4858 0.626
Med, High 0.3991 0.6903 0.7072 0.4842 1.26 0.2148
Table D12 Non parametric descriptive statistics H.gammarus 
a) Length
Year 1 Year 2 Year 3
descriptor Control Low Medium High Control Low Medium High Control Low Medium High
Median 88 94 78 78 88 87 90 88 81 83 81 77
Q1 77 89 69 72 82 82 82 81 70 68 74 74
Q1R 11 5 9 6 6 5 8 7 11 15 7 3
Q3 93 98 89 92 93 91 100 95 100 101 103 98
Q3R 6 4 11 14 5 4 10 7 19 18 22 21
H (IQR) 16 9 20 20 11 9 18 14 30 33 29 25
Q.D 0.094 0.048 0.127 0.122 0.062 0.052 0.099 0.08 0.176 0.2 0.164 0.145
b) Weight
Year 1 Year 2 Year 3
descriptor Control Low Medium High Control Low Medium High Control Low Medium High
Median 472 481 280 318 481 489 543 559 412 407 442 407
Q1 292 389 220 257 445 419 442 452 292 305 292 364
Q1R 180 92 60 61 36 70 101 107 120 102 150 43
Q3 568 631 380 510 582 554 634 610 610 625 671 647
Q3R 96 150 100 192 101 65 91 51 198 218 229 240
H (IQR) 276 243 160 253 137 135 192 158 318 321 379 296
Q.D 0.321 0.238 0.266 0.33 0.133 0.139 0.178 0.149 0.353 0.35 0.394 0.293
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Table D13. Condition growth equations (y=) and linear relationships (r2) for all treatments in Years 2 
and 3 for H. gammarus. ANOVA P results testing allometric growth coefficients of Low, Medium and 
High density treatments against the Control treatment. Asterisk level denotes significance level 
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                     Linear regression Anova a significant  ≠ 
control
Anova β 
significant  ≠ 
control
Year Treatment Demographic n Allometric 
growth equation r
2 P = P =
1 Control <MCRS 270 y = -4.070x + 3.173 0.855*** No test No test
Adult Males 108 y =  -3.446x + 3.022 0.859*** No test No test
Adult Females 103 y = -3.313x + 2.99 0.795*** No test No test
Low <MCRS 275 y = -3.819x + 2.919 0.857*** 0.94 0.20
Adult Males 98 y = -3.973x + 2.807 0.795*** 0.91 0.14
Adult Females 93 y = -3.970x + 2.732 0.859*** 0.74 0.85
Medium <MCRS 268 y = -3.396x + 3.206 0.834*** 0.23 0.34
Adult Males 106 y = -3.332x + 2.922 0.854*** 0.26 0.51
Adult Females 97 y = -4..270x + 2.898 0.834*** 0.35 0.40
High <MCRS 281 y = -3.984x + 3.083 0.846*** 1 0.89
Adult Males 107 y = -3.947x + 3.007 0.872*** 0.8821 0.9143
Adult Females 116 y = -3.373x + 2.8 0.807*** 0.0838 0.1489
2 Control <MCRS 381 y = -3.549x + 2.887 0.860*** No test No test
Adult Males 130 y = -2.103x + 2.233 0.889*** No test No test
Adult Females 131 y = -2.247x + 2.3 0.912*** No test No test
Low <MCRS 271 y = -2.928x + 2.413 0.822*** 0.1184 0.59
Adult Males 124 y = -1.849 + 2.123 0.864*** 0.68 0.65
Adult Females 138 y = -2.430x + 2.390 0.878*** 0.59 0.19
Medium <MCRS 378 y = -2.977x + 2.476 0.831*** 0.0595 0.11
12
Adult Males 138 y = -2.212x + 2.285 0.902*** 0.08 0.54
Adult Females 137 y = -2.414x + 2.376 0.883*** 0.027* 0.08
High <MCRS 327 y = -3.035x + 2.404 0.776*** 0.71 0.52
Adult Males 131 y = -1.923x + 2.149 0.877*** 0.0549 0.315
Adult Females 126 y = -2.416x + 2.374 0.873*** 0.4883 0.8869
* P = <0.05, ** P = <0.001, *** P = <0.0001
Table D14 ANOVA testing differences in H. gammarus a) allometric a coefficients b) and 
allometric β coefficients between all Years (1,2,3) and Treatments (Control, Low, Medium, 
High) for all individuals  
a)       b) 
Table D15 Pairwise testing differences in a) allometric a coefficients b) and allometric β in H. 
gammarus  between all Years (1,2,3) and Treatments (Control, Low, Medium, High) for all 
individuals  
a) 
b) 
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Source df MS Pseudo-
F
P (perm)
Year Yr 2 15.03 113.14 0.0001
Treatment Tr 3 18.226 84.07 0.0004
Area Ar 12 0.8672 1.088 0.3212
YexTr 6 5.9838 90.088 0.0001
Residual 24 0.0064
Total 47
Source df MS Pseudo-F P (perm)
Year Yr 2 9.1669 70.356 0.0001
Treatment Tr 3 5.2088 22.746 0.0004
Area Ar 12 0.0076 1.1717 0.3214
YexTr 6 1.4488 22.239 0.0001
Residual 24 0.0065
Total 47
Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 13.463 0.0283 0.7831 0.4795 0.1939 0.768
Control, Med 1.4979 0.2085 1.3952 0.2239 0.5028 0.6043
Control, High 1.7021 0.1446 2.2488 0.0825 0.6854 0.5411
Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 21.455 0.0276 0.3284 0.7722 1.2 0.3393
Control, Med 6.934 0.0303 0.5487 0.6194 1.2202 0.2589
Control, High 5.8813 0.0277 0.2655 0.8277 1.1147 0.3373
Bycatch: 
Table D16 Bycatch species from quantitative sampling 
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Bycatch
Species name Common name
Acanthopagrus butcheri Black bream
Asterias rubens Common starfish
Buccinum undatum Whelk
Conger conger European conger eel
Galathea squamifera Common squat lobster
Inachus phalangium Leach's spider crab
Labrus bergylta Ballan wrasse
Labrus mixtus Cuckoo wrasse
Maja squindao Spider crab
Necora puber Velvet swimming crab
Pagurus bernhardus Hermit crab
Palaemon serratus Common prawn
Pollachius pollachius Pollack
Scyliorhinus canicula Dogfish
Scyliorhinus stellaris Nursehound
Squalus acanthias Tope
Trisopterus luscus Pouting
Table D17 Mean abundance of bycaught species in each Treatment for all Years (1,2,3) 
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Table D18 PERMANOVA results testing abundance of four (a,b,c,d) most abundant bycaught 
species (Mean ± SE) across all Years and Treatments. 
Table D19 pairwise testing differences in abundance of M. squinado between all Years 
(1,2,3) and Treatments (Control, Low, Medium, High) 
 299
a) Maja squinado
Source df MS Pseudo-F P (perm)
Year Yr 2 0.022 1.980 0.0001
Treatment Tr 3 0.047 0.925 0.1231
Area Ar 12 0.030 0.365 0.1517
YexTr 6 0.001 0.730 0.0451
Residual 24 0.096
Total 47
d) Trisopterus luscus
Source df MS Pseudo-F P (perm)
Year Yr 2 0.388 4.432 0.2410
Treatment Tr 3 0.122 2.121 0.5214
Area Ar 12 0.438 1.292 0.9425
YexTr 6 0.010 0.767 0.4490
Residual 24 0.111
Total 47
c) Scyliorhinus canicula
Source df MS Pseudo-F P (perm)
Year Yr 2 0.557 1.248 0.3820
Treatment Tr 3 0.450 0.253 0.7037
Area Ar 12 0.271 0.405 0.3517
YexTr 6 0.160 0.627 0.1251
Residual 24 0.126
Total 47
b) Necora puber
Source df MS Pseudo-F P (perm)
Year Yr 2 0.791 1.664 0.0001
Treatment Tr 3 0.014 1.173 0.4114
Area Ar 12 0.282 0.720 0.1922
YexTr 6 0.332 0.458 0.3827
Residual 24 0.016
Total 47
Year 1 Year 2 Year 3
Groups t P t P t P
Control, Low 1.5263 0.3616 1.9228 0.6978 1.7263 0.0428
Control, Med 0.9926 0.3418 2.0442 0.4570 3.0203 0.0129
Control, High 0.5164 0.6128 1.4263 0.1526 0.3164 0.2658
Low, Med 3.5030 0.6724 2.4238 0.1680 2.4319 0.0322
Low, High 2.3316 0.7238 1.9228 0.0562 0.3316 0.2620
Med, High 0.3991 0.3420 0.7072 0.4842 3.9910 0.0457
Appendix E 
Table  E1 PERMANOVA testing differences in C. pagurus abundance between Years (2,3) and 
Treatments (No potting, Spillover, and Current potting) 
Table E2 PERMANOVA testing differences in abundances of C.pagurus between Distances 
(Inside, 0, 20, 40, 60, 80) in Year 3 
Table  E3 Linear regression predicting Abundance based on Distance for Year 3  
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 Source df SS MS F P
Regression 1 0.4 0.4 0.51 0.483
Error 18 14.0375 0.7797
Total 19 14.4375
Abundance Regression equation: 
Abundance =3.435 + 0.1086
S = 0.883097
r2 = 0.06
 Source df MS Pseudo-F P (perm)
Year 1 0.0014 0.2980 0.5975
Treatment 1 0.2385 4.9396 0.0466
Year x Treatment 1 0.001 0.0001 0.9896
Residual 12 0.0048
Total 15
Abundance
Source df MS F P
Distance 5 12.425 0.995 0.440
Res 18 12.483
Total 23
Table  E4 PERMANOVA testing differences in C. pagurus Length between Years (2,3) and 
Treatments (No potting, Spillover, and Current potting) 
Table E5 PERMANOVA testing differences in Length of C.pagurus between Distances (Inside, 
0, 20, 40, 60, 80) in Year 3 
Table E6 Linear regression predicting Length based on Distance for Year 3 
 301
Source df SS MS F P
Regression 1 2.735 2.7353 0.12 0.732
Error 18 407.522 22.6401
Total 19 410.257
Abundance Regression equation: 
Abundance = 142.2-1.076
S = 5.18810
r2 = 0.12
 Source df MS Pseudo-F P (perm)
Year 1 6.138 1.7773 0.2026
Treatment 1 40.928 11.851 0.057
Year x Treatment 1 94.928 27.371 0.1032
Residual 12 3.4535
Total 15
Length
Source df MS F P
Distance 5 43.053 1.554 0.187
Res 18 42.659
Total 23
Table E7 PERMANOVA testing differences in weight of C.pagurus between Distances (Inside, 
0, 20, 40, 60, 80) in Year 3 
Table E8 Linear regression predicting C. pagurus Weight based on Distance for Year 3 
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Source df SS MS F P
Regression 1 60 60.03 0.02 0.905
Error 18 73117.7 4062.10
Total 19 73177.7
Abundance Regression equation: 
Abundance = 510.9 -17.24
S = 66.7448
r2 = 17.5
Weight
Source df MS F P
Distance 5 668.303 1.747 0.140
Res 18 476.622
Total 23
